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ABSTRACT
Kinsey, Nathaniel G. Ph.D., Purdue University, August 2016. A Platform for Practical
Nanophotonic Systems: Nitrides and Oxides for Integrated Optical Devices. Major
Professor: Alexandra Boltasseva.
The fields of nanophotonics and metamaterials have revolutionized the way we think of

enabling us to engineer the refractive index almost at will, to confine

light to the smallest of volumes, as well as to manipulate optical signals with extremely
small foot prints and energy requirements. Throughout the past, this field of research has
largely been limited to the use of noble metals as plasmonic materials, largely due to the

high conductivity (low loss) and wide availability in research institutions. However, the
research which follows focuses on the development of two alternative material platforms

for nanophotonics: namely the transition metal nitrides and the transparent conducting

oxides. Through this research, we have explored the nonlinear optical properties of thin
films, demonstrating unique and ultrafast dynamic response, and have designed and

realized high performance integrated plasmonic devices. Ultimately, this work aims to
demonstrate the impact and potential of alternative plasmonic materials for numerous
nanophotonic applications.

1

1. NANOPHOTONIC DEVICES FOR INFORMATION
PROCESSING
Content from this chapter has been reproduced with permission of the Optical Society of America from N.
Kinsey, et al., J. Opt. Soc. Am. B 32, 121-142 (2015).

leading to the reduction in size, cost, and power consumption of integrated circuits. While

ts inception, it has

become clear that it cannot continue indefinitely with current technologies. In fact, such

scaling is not unique to CMOS integrated circuits and can be extended to previous

computational technologies such as vacuum tubes, see Fig. 1.1 [1]. Here the integrated
circuit is seen as the fifth-generation technology to continue the trend in computational
integrated circuit is near the end of its life, what is the next technology that will continue
the trend?

-term improvement such as a

movement to GaAs based MOS, but is based on an entirely new technological architecture.

While there are many potential technologies vying to be the sixth-generation such as
quantum [2] and 2-D materials [3, 4], one of the most promising is photonics. Optics has

been used for large-scale and high-speed network connectivity since the 1970s and has

become the backbone for high-definition television and broadband internet. Currently, 93%
of American house-holds (291.9 million people) are equipped to use high-speed cable
internet and television enabled by fiber optic networks, and 6% of Americans (18.8 million

people) receive their services over an all-fiber connection [5]. As a result, peak internet

speeds have seen an exponential increase from 16 MBps in 2007 to greater than 500 MBps
in 2013 with no signs of slowing.

2
The success of the fiber-optics industry has led many institutions to investigate the

potential of integrated optical devices. Such photonic integrated circuits (PICs) not only

offer the potential for a dramatic increase in the operational bandwidth, but also reduced
cross-talk between devices, immunity to electrical noise, and the lower power dissipation
[6]

[7, 8]. These electro-optic devices are, and will

continue to be, an extremely important area of integrated optics, since they represent a

stepping stone between technological hierarchies. These unique devices enabled many of
the benefits of photonics to be utilized today, without the need for a complete redesign of
an all-optical system. However, photonics is not without its own problems.

Fig. 1.1 Graph illustrating the scaling of computational technologies over time. Integrated
circuits represent the 5th generation of scaling. To continue the scaling into the future a
Paradigm [1]).
In the past, the switch to a new technological base has historically resulted in a

temporary decrease in the overall density of the resulting device compared to its

predecessor; photonics is slightly different than the previous cases. The minimal size of

3
devices which can efficiently guide and modulate light is limited by the diffraction limit of
light. Even under the best case scenario where a high index material is used, the size is

limited to roughly 200 nm for the telecommunication wavelengths [6]. More compact

designs have been demonstrated, though many of these designs do not utilize realistic or
CMOS-compatible fabrication processes, limiting their applicability to the laboratory.

While the lack of density may not be of great concern for near term devices, this

fundamental upper limit to the integration of photonic devices is a significant drawback for
a long-

-

scientists began exploring how to break the diffraction limit of light, where yet another

optical technology that is waiting to be adopted into the realm of integrated devices: metal
nanophotonics.

More recently, the sub-discipline of nanophotonics

or plasmonics

has emerged.

Metallic nanophotonics presents the ability to confine and guide light by coupling with the

momentum of free electrons at a metal-dielectric interface, called surface plasmon
polaritons (SPPs) [9-13]. While the introduction of the metallic layer allows for the
confinement of light, even down to the nanoscale, it introduces unavoidable ohmic losses

[14]. However, SPPs represent a quasi-particle coupling between free-electrons and an
electromagnetic wave. It is this coupling that enhances the light matter interaction that is

weak in photonics, thereby enabling much stronger and compact active devices as well as
nanoscale confinement.

Of course, this gain in integration comes at a price. For metal nanophotonics, the

advantage of enhanced light-matter interaction leads to increased losses that vary inversely

with the modal confinement of the structure. Consequently, while metal nanophotonics is
structures extremely difficult to work with in current devices

although there are

researchers studying the potential of compensating these losses with gain [15, 16].
However, metal nanophotonics does not have a fundamental limit to the size of
confinement, and consequently the integration density of devices. In theory, light can be
confined entirely to the surface, reaching a nearly infinite wavevector. In practice, the

confinement or maximum wavevector is limited by the losses in the structure. However,
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unlike the diffraction limit for photonic devices, this limitation is a matter of optimization
since the losses in metals can be engineered. While losses cannot be removed from metals
entirely while maintaining Kramers-Kronig relations it is within the realm of science to

engineer the losses in metals to be drastically reduced or eliminated over special frequency
windows [17, 18]. In this situation, the primary drawback of metal nanophotonics would

be eliminated and it could be a clear frontrunner for on-chip applications as well as in other
fields.

While such a spectrally lossless material is theoretically achievable [17], it has yet to

be demonstrated. However, there is truly only one component where losses cannot be
tolerated

the waveguide

where energy must travel over a distance. In the comparison
-

technology, one should consider that the field of photonics is significantly more mature

than the field of nanophotonics. In fact, many photonic waveguide structures were not

-loss metal nanophotonic waveguides. Fig. 1.2 shows a

comparison of waveguide performance through time of the respective fields, plotting a

figure of merit (FoM) defined as the inverse of the mode size times the attenuation
(FoM =

Early studies of integrated photonic devices focused on the well-developed Corning

optical glass, simply using silicon as a substrate [19, 20]. Such structures were able to

achieve very high performance with attenuation less than 0.1 dB/cm. Later, the

development of thermal evaporation techniques for oxidizing silicon wafers enabled the

direct formation of SiO2 waveguides on silicon [21, 22]. However, these waveguides
suffered from leakage into the higher index silicon substrate, and had to be quite large to

avoid this problem. It was not until the development of the separation by implantation of

oxygen (SIMOX) now more commonly referred to as silicon-on-insulator (SOI) that light

guiding in silicon was feasible. Since this time, many developments have been made to
push guiding in silicon rib or ridge waveguides to the sub 1 dB/cm mark, while achieving

sizes of ~ 1 µm2 [23-28]. For more information on current and early integrated photonic
devices, please see the following reviews [29, 30].
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Similarly, the field of low-loss metal nanophotonic structures started with humble

beginnings, using gold and silver as the metallic core (Note only insulator-metal-insulator
strip waveguides are shown in Fig. 1.2) [31]. Through continued fabrication improvements
and optimization, metal nanophotonics has also reached the level of sub dB/cm propagation

[32]. However, because the size of the mode is larger than corresponding photonic
structures, ~ 10 µm2, the FoM is reduced for these structures. Varying geometries have
recently been utilized in attempts to reduce the mode size while maintaining a low

propagation loss (not shown in graph) [33-35]. Consequently, hybrid and dielectric loaded

waveguide structures have pushed the FoM to values greater than 1,000 for ~ 1 µm 2 mode
sizes [33, 34]. As was seen with photonic waveguides, continued advancements in

materials, fabrication, and structural design are likely to continue the improvement of metal
nanophotonic waveguides into the future.

Fig. 1.2 Performance figure of merit for integrated photonic and nanophotonic technologies
in time. It can be seen that nanophotonics have reached a higher level of performance much
quicker than photonics and is beginning to be competitive. Continual improvement in
materials and geometries is expected to further increase the performance of both
technologies, making them even more attractive for high-performance applications. For
this comparison photonics is represented by dielectric waveguides (using silicon or silicon
dioxide for example) and nanophotonics is represented by insulator-metal-insulator strip
plasmonic waveguides in a dielectric (using gold or silver for example).
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Unlike waveguides, nanophotonic dynamic devices are less affected by the loss in

metals due to their ability to achieve ultra-compact sizes such that the propagation loss is
negligible. As a result, nanophotonic dynamic devices have become the leaders in compact

size and performance [36-38]. Thus, one would expect a realistic solution to be to use lowloss, compact silicon photonic waveguides to carry signals and ultra-compact plasmonic
active devices to switch and modulate the signals. Indeed, this seems a logical approach

and one that many researchers are investigating [39-43]. However, the inherent discrepancy
in the essence of the energy profile (i.e. a photonic mode is Gaussian and a plasmonic mode

is exponential [10]) and modal size is problematic, and limits the coupling efficiency
between the structures. While current coupling designs can achieve efficiencies ~ 70% per

facet for ultra-compact devices [44], such high-efficiency designs have largely been

relegated to theoretical studies due to the intensive fabrication complexity and precision
required. Coupling designs using nanoantennas to funnel light have also been reported and

can achieve relatively high efficiencies under experimental conditions [45-47]. However,

these designs are best suited to couple light into the ultra-compact waveguides from outof-plane, a situation not likely to be experienced for integrated devices. The exception to

this rule is low-loss strip plasmonic waveguides which can achieve very high coupling
efficiency with traditional photonic modes due to their dispersion being nearly on the

light-line [10, 48, 49]. As a result, utilizing low-loss metal nanophotonic waveguides or

traditional photonic waveguides to interface with ultra-compact active devices is an
important problem for integration, although metal nanophotonic waveguides may offer
intrinsic benefits.

In addition, metal nanophotonic interconnects provide an inherent ability to efficiently

couple with ultra-compact active devices [50], an extreme sensitivity to the

metallic-dielectric interface [51-53], support for both electrical and optical signals [54, 55],
perfect polarization purity (SPPs only exist for TM polarization), and increased

nonlinearities due to the field enhancement near the metallic-dielectric surface [56].
Because of these collective advantages for metal nanophotonic waveguides and the high

performance of active devices, metal nanophotonics deserves a spot at the integrated optics

table [57]. However, both photonic and electronic devices also offer significant advantages
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for on-chip applications that will outweigh nanophotonics in many applications. As such,
both technologies will continue to play an important role in future integrated computational
systems.

The field of integrated computation devices is at a crossroads, and the task before

researchers in the foreseeable future is to effectively utilize the potential of the three

available technologies (electronics, photonics, and plasmonics) so that they may
compensate the weaknesses of each other (i.e. the losses in plasmonics with photonics, the
size of photonics with plasmonics, and the interface to the outside world with electronics).
1.1. Fundamentals of Plasmonic Systems

Before we begin discussing various plasmonic waveguide and modulator structures, it is
good to briefly review the physics of plasmonics and its basic structures. For a more
thorough analysis of plasmons we direct the reader to the following books [9, 10, 58].

Surface plasmons are the coupling of electromagnetic energy to the motion of free

electrons at the interface of a dielectric and a metal. These oscillations can exist in a closed

environment where they do not propagation, called surface plasmons (SPs), or can

propagation along the interface, called surface plasmon polaritons (SPPs). While both
situations are important in their own right, we will focus on propagating waves for means

of integrated devices. As a starting point, we can investigate the properties of SPPs by

considering a lower half-space of metal ( Re{ m } 0 ) and an upper half-space of dielectric
( Re{ d } 0 ). By solving the wave equation for this system and applying the appropriate
boundary conditions, we find the wave vector of the SPP is given by the formula:
kspp

where ko is the free space wave vector,

k0

(1.1)

m d
m

m

d

is the complex permittivity for the metal

(traditionally captured with the Drude formula), and

d

is the complex permittivity for the

dielectric [9]. Solutions to the wave equation with these conditions only exist for TM

polarized light, although TE solutions exist for metamagnetic (µ < 0) dielectric interfaces
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and have interesting properties [59]. These SPP modes are characterized by their
exponential decay in the direction normal to the interface that results in a bounded surface

wave, and unique dispersion that lies below the light line. This dispersion enables
extremely large wave vectors for SPPs, allowing for sub-diffraction confinement

a

property that is important for on-chip applications. However, the dispersion of SI plasmons

is only dependent upon the material properties, greatly reducing the ability to tune and

optimize performance. It is also important to note that the propagation of surface waves at

a metal-dielectric interface has been known for quite some time [60]. However, it was not
until researchers understood that the so-called SPPs could lead to deep subwavelength
confinement that the field of plasmonics took off in the late 1990s [61].

Fig. 1.3 Depiction of the three basic plasmonic structures. a) single interface with a halfspace of metal and a half-space of dielectric. b) insulator-metal-insulator where the metal
is confined to a thin strip embedded in a uniform dielectric medium. c) metal-insulatormetal where a thin strip of dielectric is imbedded in a uniform metallic medium.
Multilayer structures of insulator-metal-insulator (IMI) or metal-insulator-metal

(MIM) correct the problem of the SI structure, allowing one to tailor the properties of the
SPP by altering the geometrical parameters, see Fig. 1.3.

For the IMI geometry, the formulas for the wave vector are modified to:
kIMI

ko

d

tko

d

/2

2

1

d

/

m

2

where t is the thickness of the metal strip under the approximation tanh(x

(1.2)
x. This

approximated formula is only valid when t is small and describes the long-range (low-loss)
mode [9]. More information on this long-range SPP (LR-SPP) can be found in the review
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by P. Berini [49]. There is an additional solution for the IMI geometry with higher

propagation losses, but this mode will not be considered in this review (see [9] for more
information). Likewise, for the MIM geometry:
kMIM

ko

d

1 0
kMIM / ko
2

2

where t is the insulator thickness and
tanh(x)

0
kMIM
/ ko

2

d

m

x was used that is valid only for narrow gaps [9].

1 0
kMIM / ko
4

2

1

4

(1.3)

. Again the approximation

The IMI and MIM geometries enhance the two characteristics of plasmonic waveguides

important for integrated devices: propagation length and modal confinement, respectively.

The IMI geometry achieves long-range propagation at the expense of a smaller kspp and
reduced confinement. Conversely, the MIM geometry kspp can be many times larger than
for SI SPPs, enabling deeply subwavelength confinement at the expense of increased
propagation loss.

1.2. Noble Metal Plasmonics
1.2.1. Waveguides

Waveguides are the central component of a nanophotonic system, carrying information and
providing a backbone for additional passive and active devices. As such, they have been

widely studied with a broad range of geometries and performance having been

demonstrated. Traditionally, there exists three categories into which such devices can be

placed: single interface (SI), insulator-metal-insulator (IMI), and metal-insulator-metal

(MIM). While there is still research being conducted in the realm of SI plasmons,
traditional SI waveguides and other 1-D structures (as depicted in Fig. 1.3) have largely
been set aside for on-chip applications due to the lack of tunable properties, horizontal

confinement, and large propagation losses (see (1.2)) [49]. However, the early theoretical

and experimental studies of 1-D structures were instrumental in providing the groundwork
for future designs. In addition, the 1-D layout is still of fundamental importance for the
preliminary analysis of the optical properties of novel plasmonic materials.
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The work to improve the performance of plasmonic waveguides has led to a myriad of

2-D structures which introduce various alterations in the geometry and surroundings to

provide additional design parameters with which the loss-confinement trade-off can be

further optimized. In this review we consider IMI waveguides consisting of 1-D symmetric

thin films [62] and 2-D strip geometries [31], MIM waveguides consisting of the 1-D

nanowire [61] and 2-D wedge [63], trench [64], gap [65], and channel geometries [66],
dielectric loaded waveguides (DLWs) [67], and hybrid plasmonic photonic waveguides
(HPPWs) [68]. Examples of considered waveguides geometries are shown in Fig. 1.4,
although the referenced structures may vary. In the following sections we will review the

history and recent advances of metal nanophotonic waveguides, first with designs using
noble metals and finally for designs using alternative and CMOS-compatible materials. In
addition, we present a performance estimate for several new plasmonic materials that have
yet to be studied experimentally. We conclude each section with a graph of numerous

experimental and theoretical results so that the many works can be readily compared and
the state of the field can be assessed.

Fig. 1.4 Graphical depictions of the most widely used plasmonic waveguide geometries.
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Through many of the initial studies of SPP waveguides, gold and silver were the

primary materials of choice for plasmonic devices. In this section we will review the
previous advances in waveguides which use noble metals as their base including IMI,

MIM, DLW, and HPPW geometries. While other devices have been suggested for
waveguiding such as chains of nanoparticles or plasmonic crystals, due to their extremely
high propagation losses or fabrication complexity, they are generally no longer considered
the leaders for on-chip nanophotonic applications [69-71].
1.2.1.1. Insulator-Metal-Insulator

Thin film IMI structures (Fig. 1.3(b)) that support SPPs were first studied with prism
coupling [60]. While theoretical studies and experimental demonstrations of coupling into

plasmonic modes had been demonstrated by Kretschmann, Otto, and others, Kovacs was
instrumental in uncovering many of the important features of the technologically important

LR-SPP mode [72-74]. One of the first experimental observations of the LR-SPP with

measured attenuation was performed by Kuwamura et al. in 1983 where they achieved a
propagation length of ~100 µm for a 14.6 nm thick silver film [75]. This result was 10×
longer than the SI SPP propagation length. While, these 1-D studies were largely not useful
for waveguiding applications due to the large propagation losses and lack of horizontal

confinement, they illustrated the unique and important properties of the LR-SPP that would
propel future studies of 2-D structures.

Soon after, the 2-D metal strip (Fig. 1.4(a)) became a popular structure of investigation

for its even lower attenuation, ability for end-fire coupling, and control of lateral

confinement. P. Berini was instrumental in laying the theoretical framework of the 2-D
symmetric metal strip waveguide studying mode propagation, the loss-confinement trade-

off, defining figures of merit, and the feasibility of end-fire coupling and data transmission
[48, 76]. R. Charbonneau et al. were the first to demonstrate propagation of the LR-SPP
on 20 nm thick 8 µm wide gold strips excited by end-fire coupling from standard single

µm

[31]. Over the next several years, 2-D IMI metal strip structures improved upon the

12

[32, 77].

With low-loss propagation achieved and favorable fabrication requirements, 2-D strip

waveguides began to receive attention for their application towards integrated optical

devices as well as in other fields such as sensors and quantum optics [52, 78].
Consequently, the demonstration of passive plasmonic devices as well as standard

telecommunication studies received significant attention. The work by J. Ju et al.
demonstrated transmission speeds for LR-SPP waveguides in excess of 10 Gbps for gold
waveg

[79].

However, as initially discussed by P. Berini, these structures suffer from low modal

confinement on the order of (or greater than) the wavelength, which presents a sizeable
drawback for integrated devices (see [49] and references therein for more information).
1.2.1.2. Metal-Insulator-Metal

MIM structures primarily focused on achieving deeply subwavelength light confinement,

a feature required for high-density optical interconnects. Initial works theoretically studied

metallic nanowires (Fig. 1.4(b)) which demonstrated the ability to confine light to the scale
of the nanowire radius as well as planar MIM (Fig. 1.3(c)) [61]. However, coupling light
into these high confinement structures is no trivial task due to the large mode mismatch,

relegating studies primarily to the theoretical regime. Despite this, several experimental
works were successful in exciting to SPPs on metal nanowires using light scattered from

the end of the nanowire, coupled from a nearby nanoparticle, or from an integrated photonic

waveguide, although these studies were 10 years after the Takahara paper [80-82]. The
work by A. Sanders et al. coupled light through edge scattering on a silver nanowire,
attaining

nanowires with a mode size on the order of 70 nm (the nanowire diameter). Shortly

following, the work by A. Pyayt et al. demonstrated coupling through a photonic
waveguide with a pr

an effective on-chip option for coupling.
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Later, several 2-D variations of the MIM geometry arose such as the wedge, channel,

gap, and trench geometries (Fig. 1.4 (c), (d), (e), and (f), respectively). Like their 1-D
cousins, these structures are able to achieve subwavelength confinement. Theoretical
studies of the properties and dispersion of wedge plasmonic modes were first investigated

by L. Dobrzynski and A. Maradudin in 1972 for the electrostatic case and expanded to

include time variation by A. Boardman et al. in 1981 [63, 83]. Both the wedge and channel

geometries were theoretically investigated by E. Moreno et al. for gold structures and

µm

= 1.55 µm, respectively [84]. These geometries became important for their ability to

achieve high confinement while maintaining a modest propagation length. In 2005, D. Pile
et al. demonstrated SPP propagation on silver wedge waveguides with a propagation length

[85]. Shortly thereafter,

A. Boltasseva et al. experimentally demonstrated gold plasmonic wedge waveguides at
= 1.55 µm, achieving a propagati

of 1.3 µm [86]. The seminal work by I. Novikov and A. Maradudin in 2002 laid the

theoretical framework for channel plasmon structures, investigating the dispersion
relations for bound propagating modes [66]. Later, S. Bozhevolnyi demonstrated straight

waveguides, along with several passive components in gold, achieving a propagation

[87]. Shortly

thereafter, V. Volkov et al. demonstrated wavelength selective devices in gold channel
waveguides [88]. It is also important to mention that an additional geometry called trench

waveguides has also been proposed. These waveguides are essentially channel waveguides

with a groove angle of 90°, and there performance is largely similar to the V-groove
channel waveguides as mentioned above [64].

The gap and slot plasmonic structures have also received significant attention in the

research community. K. Tanaka et al. theoretically investigated gap plasmonic waveguides
and passive circuits discussing modal properties, propagation losses, and passive devices
in silver films [65, 89]. S. Bozhevolnyi and J. Jung simulated gap plasmonic structures in

B/µm) for a gap
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[64]. In 2005, D. Pile et al. were the first to experimentally

demonstrate gap plasmonic waveguides in silver and theoretically predicted achieving a
propagation length of 1.

[90]. However, the slot plasmonic waveguide is typically easier to fabricate from a thin

metal film and is more suitable for integration. Therefore, it has seen the bulk of the

research associated with integrated MIM plasmonic devices. The theory for modal
propagation and dispersion in the slot waveguide reaches back to radio frequency slot

waveguides, and in 2005 G. Veronis and S. Fan investigated bound modes and their

dispersion specifically related to plasmonics [91]. Unlike other MIM structures such as the
wedge, channel, and gap plasmonic waveguides, which typically only support a tightly
confined mode only near the plasmon frequency, the slot waveguide has two conductors,

thereby enabling the structure to support TEM and quasi-TEM modes over a broad range

of frequencies. These quasi-TEM modes can have a high group velocity, appreciable
propagation length, and deep subwavelength size. Since this time, many groups have

demonstrated waveguides based on the slot geometry. In 2006 J. Dionne et al.
demonstrated slot waveguides in silver achieving propagation lengths of 6 µm
= 0.72

[92]. Recently, hyperbolic

metamaterials have been suggested as replacements for solid metal claddings, numerically

[93].

The performance was shown to be greater than both MIM and IMI waveguides at the
telecommunication wavelength.

All of these structures based on the MIM configuration are able to provide modal

confinement in the subwavelength or deep subwavelength range, enabling ultra-compact
photonic circuitry with very sharp bends. Unfortunately, none of them were able to achieve

propagation lengths larger than ~ 100 µm, which has limited their application for

waveguiding. However, the tight modal confinement has proven useful for developing
ultra-compact modulators with high extinction ratios, and will be discussed in more detail
to come (see [9, 94] and references therein for more information).
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1.2.1.3. Dielectric Loaded

Borrowing some ideas from standard photonics, dielectric loaded waveguides introduced

a dielectric ridge placed directly on top of a thick or thin metal layer as shown in Fig.
1.4(g). The addition of this 2-D ridge on a uniform thin metal film resulted in the

localization of the SPP within the ridge, and provided additional design parameters to
modify the dispersion and affect confinement. Dielectric loaded waveguides were first

proposed by A. Hohenau et al. where they theoretically investigated the change in
dispersion for an unbalanced IMI configuration (i.e. superstrate and substrate permittivities
are not equal) and experimentally investigated SPP propagation on a 50 nm gold layer on

glass with a 150 nm thick silicon dioxide ridge using the Kretschmann geometry [67]. They

demonstrated energy propagation localized within the SiO 2 ridge even though the size of

the ridge was below the cutoff thickness. Shortly thereafter, B. Steinberger et al.

demonstrated DLWs and passive components on 50 nm thick gold films with SiO 2 ridges
excited by the Kretschmann geomet

index method as a means for modeling the structures [95]. The structure was found to have
300 nm, a value competitive with the current MIM structures. Using a finite metal strip
with a dielectric ridge on top, J. Grandidier et al. demonstrated a propagation length of
25

[96]. Following, an additional dielectric layer between the

substrate and metal strip was proposed by T. Holmgaard et al. enabling the effective index
above and below the waveguide to be balanced [97]. This balance mimics the case of the
LR-SPP, but resulted in a hybrid plasmonic mode with tighter confinement than the

standard LR-SPP while still maintaining low propagation loss. The resulting long-range
DLW (LR-

a mode size of 1.8 µm. Subsequently, the LR-DLW was experimentally measured by
V. Volkov et al.

for a mode size of 0.9 µm [98].

As a result of their adequate confinement, millimeter scale propagation, favorable

fabrication, and relatively easy integration with photonic waveguides, LR-DLWs are one
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of the best potential candidates for on-chip plasmonic interconnects. Structures based on

the traditional DLW geometry have shown the ability to carry 480 Gbps through

wavelength division multiplexing, and similar experiments are expected for the LR-DLW
structures in the near future (see [99] and references therein for more information).
1.2.1.4. Hybrid Plasmonic Photonic

Similarly to the DLW, HPPW geometries attempt to improve confinement and propagation

length by introducing a photonic waveguide to the structure, see Fig. 1.4(h). HPPWs
consist of a general group of geometries that may differ drastically in their structure and

materials, but are commonly united in that their mode shape is a mixture of both Gaussian
and exponential dependencies. HPPWs were first investigated theoretically by R. Oulton

et al. in 2008 where they used a high index nanowire spaced above a thick silver film,
dB/mm) for a mode size of 250 n

= 1.55 µm [68]. Shortly thereafter, R. Salvador et al. theoretically studied a similar design
for a hybrid slot waveguide providing analytical expressions for the field and comparing

with numerical analysis of passive structures [100]. Following these initial designs, many

other geometries of HPPWs began to arise. In 2010, M. Wu et al. demonstrated a metal
cap waveguide that consisted of a silicon photonic waveguide with a 50 nm gold cap
separated from the silicon by a SiO2 s

localized within the silicon dioxide spacer layer [35]. Shortly thereafter, I. Goykhman et
al. demonstrated a similar structure using local oxidation of silicon to form the waveguide
and demonstrated a prop

µm [34]. The metal cap structure was then slightly altered by D. Dai

and S. He by depositing a thin oxide layer and a thick metal cladding over the silicon ridge

[101]. The resulting structure, now called the metal-insulator-semiconductor-insulatormetal (MISIM), localized modes on either side of the waveguide where the oxide was
for a mode size of 50 nm. LR-HPPWs, similar to the LR-DLW, have also been proposed
which can guide light for distances similar to conventional strip LR-SPP waveguides but
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with a smaller mode size. L. Chen et al. numerically investigated a LR-HPPW on a silicon
platform with silver achieving a prop

= 4.34 dB/mm) for a mode

size of ~ 350 nm [102]. Because of the outstanding ability of HPPWs to tune the lossconfinement trade-off, they are considered as one of the most promising alternatives for
on-chip nanophotonics (see [103] and references therein for more information).
1.2.1.5. Performance Comparison

To finalize our discussion on noble metal waveguide geometries, it would be desirable to
visually/numerically compare the performance of the structures. However, creating a

full-featured figure of merit is quite difficult due to the wide range of important parameters
for many applications. Here, we have taken two of the most important parameters for
integrated interconnects, the modal size and the propagation length, and normalized them

to the wavelength of operation to provide a qualitative evaluation of the performance for
many works in the field of noble metal and alternative material waveguides. These two

parameters also illustrate the intrinsic trade-off between loss and confinement whose

optimization is one of the primary goals of these devices. In Fig. 1.5, a summary of
performance of the various noble metal waveguide structures is illustrated. In these graphs,

circles represent experimentally measured performance while triangles represent
numerically predicted performance and colors delineate the various waveguide geometries
discussed in the previous sections. In addition, a solid line is presented which represents a

performance of Lprop/Dz = 1000, such that the propagation length is 1000 times the size of
the modal confinement.

Considering the graph, several items are readily apparent. First, we can see that at this

time, the structures which the largest FoM are the low-loss IMI waveguide structures.

Despite their low modal confinement, they more than make up with this by the drastically
reduced losses, with several experimental works above the 1,000 FoM line. In addition,

with the exception of the experimental work by I. Goykhman et al., no other geometry is
capable of exceeding the 1,000 FoM line in experiments. With the addition of their simple
fabrication, these structures may currently be the leaders for integrated interconnects.

Secondly, the DLW and HPPW geometries provide the best compromise between the
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low-loss of the IMI structures and the high-confinement of the MIM designs. This is
expected, since this one of the main driving points of their development. Their modal

close to the 1,000 FoM line. With continued development into these designs, their better
modal confinement and relatively high propagation length may prove more suitable for
integrated devices.

Fig. 1.5 General overview of the performance of nanophotonic waveguides based on
traditional noble metals. The graph represents the device s normalized propagation length
-metalinsulator (Blue icons), metal-insulator-metal (Orange icons), dielectric loaded (Yellow
icons), hybrid plasmonic photonic (Green icons) waveguides. Dots and triangles represent
experimental and numerical evaluations, respectively. The line represents a figure of merit
(PL/MS) value of 1000.
1.2.2. Modulators

Modulators represent another key component for integrated devices, enabling data to be

imparted onto a carrier wave. Drawing from similar components in radio frequency
electronics and photonics, plasmonic modulators can either adjust the amplitude of the light

or the phase of the light passing through the structure. The method these structures use to
achieve modulation varies, although induced absorption, induced index change, and
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nonlinear interactions are among the most popular solutions today. While not desired for

every application, some of these techniques are nonvolatile, which enables applications in
optical memory devices and programmable nanophotonic circuits.

Recently, there has been great progress in the area of integrated photonic modulators

with several groups reporting speeds greater than 10 GHz with low power dissipation [104107]. While these devices represent significant advances in their respective fields while

maintaining compatibility with the CMOS process, there is still a need for devices that are
significantly smaller to achieve high density circuits. Modulators based on plasmonic
designs are attempting to answer this call. In the following paragraphs we will refer to a

selected list of SPP modulators which mark the most recent advances in nanophotonic
communication systems. In our discussion we identify three main groups of modulators: i)
electro absorption modulators; ii) Mach-Zehnder modulators; and iii) other alternative
designs.

The strategy based on the electro-absorption effects rely on the variation of the complex

refractive index of a core material which is triggered by an (optically or electrically)

induced variation of the carrier concentration. This approach might exploit either a change

in the real or the imaginary part of the dielectric permittivity. The former strategy achieves
efficient modulation through a fast change in the allowed propagating modes, while the
latter makes use of a considerable alteration of the propagation losses.

Differently from the electro-absorption modulation, the Mach-Zehnder design takes

advantage of the phase change of the propagating wave rather than its amplitude. On the
one hand, because the phase change is normally a cumulative effect which requires a

remarkable propagation length, Mach-Zehnder modulators suffer from scalability
problems that can only partially be solved by using the stronger light-matter interaction

provided by SPPs. On the other hand, since the modulation is achieved by interference, this
class of device normally shows very good modulation depth.

Even through electro-absorption-based and Mach Zehnder modulators currently play

the main role in the panorama of all the possible options for achieving efficient SPP

modulation, in recent years, other physical phenomena such as material phase transitions,

nonlinear phase changes, induced formation of conductive bridges, resonant shifts, thermo-
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optic effects, and many others have been explored. Typically, these alternative strategies

are very successful in maximizing only one of the fundamental parameters for an ideal
modulation process such as the modulation depth, the temporal response, the propagation

losses, etc. However, they normally fail to deliver an overall high-performance when the
all of the previously listed parameters have to be taken into account in one single figure of
merit. Nevertheless, this class of devices can be proficiently used for specific applications
where the full FoM does not need to be satisfied. It is for these reasons that we felt

compelled also to give a brief overview of these devices. In the following sections we will
review the advances in integrated plasmonic modulators that use noble metals and conclude
with a graphical comparison and discussion of numerous experimental and theoretical
results.

As with waveguides, noble metals have played a pivotal role in the development of

nanophotonic modulators due to their desirable metallic properties and widespread
availability in research centers. Here, we review nanophotonic modulator structures with

noble metals which utilize various techniques to achieve dynamic performance. Although,
some of these geometries do also use alternative materials, from an integration standpoint,

if the device uses noble metals it is not friendly for current processing techniques.
Consequently, devices which use noble metals within any part of the structure (with the

exception of the electrical contacts that could easily be replaced with copper/aluminum

without performance degradation) were considered noble metal designs and are reviewed
in this section.

1.2.2.1. Electro-absorption Modulators

One of the most remarkable works of nanophotonic modulators is that of J. Dionne et al.
based on the Metal-Oxide-Si planar structure, named by the authors as the PlasMOStor
(2009). The device has the capability of tightly localizing the propagating mode within a

10 nm thick oxide layer and achieves input/output coupling by means of subwavelength

slits vertically etched into the top and bottom layers, respectively [37]. The PlasMOStor,
was experimentally tested at telecom wavelengths and produced a modulation depth
approaching 10 dB in a

-
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theoretically limited to 15 GHz by the formation of the accumulation layer, this work for
its completeness and originality is one of the cornerstones in nanophotonics.

Another very interesting design is the waveguide-coupled MIM modulator by W. Cai

et al. where a plasmonic cavity is formed inside an 80 nm thick dielectric layer by creating

two nano gaps on one of the two metallic layers [108]. Efficient modulation is then
achieved by electro-optical tuning of the cavity mode resonance. This device is numerically
per transit length of the cavity. The main limitations for this device are mainly related with
the operative wavelength which was set at 850 nm and the lack of analysis with regards to

the mode coupling in and out of the device - a very critical parameter for MIM based

devices. However, the proposed layout allows for fast (100s' of GHz) and deeply
subwavelength modulation.

Another very interesting SPP absorption modulator is the design proposed by

A. Melikyan et al. in 2011 which is based on a Metal/Oxide/Semiconductor/Metal

configuration [38]. The materials employed for the device fabrication were Ag, ITO, Si 3N4
density change in the ITO layer. Despite the consistent propagation losses (approaching
10

fundamental problem of coupling from a photonic waveguide and inspiring other
modulators using different materials with a very similar configuration.

An example of this inspiration is the ultra-compact and broadband nanophotonic

modulator by Sorger and co-workers which was published in 2012 [109]. In this case, an
Au/SiO2/ITO/Si modulator is proposed and experimentally tested. The module achieves
1

was

Another modulator layout following the same general structure as that of Sorger was

proposed by H. Chen et al. in 2013 [110]. This numerical analysis refines the previous
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work by Sorger et al., also adding a general overview about photonic modulator
performance.

Although the present review is centered on practical in-plane modulators for telecom

applications, it is also important to mention the experimental demonstration of a Si-based
SPP modulator using a gold/silicon grating coupler. The device was tested in a pulsed
regime in the 1300

1700 nm wavelength range. The modulation is obtained by optically

varying the carrier concentration of the upper silicon layer. Even though the overall time

response of the device is limited by the relatively slow (> 100 ps) carrier recombination in

Si, and represents more of a proof of concept than a finished device, it is one of the first
experimental demonstration of its kind [111].
1.2.2.2. Mach-Zehnder Modulators

Generally speaking, the Mach-Zehnder configuration is the most used solution for electrooptic modulation systems. This is mainly due to ease of fabrication, reliability, large

engineering tolerances, good extinction ratio, and low production cost. However, as

previously mentioned, this kind of device suffers from an intrinsic limit for the scalability
of the manufacturing processes. Inspired by the possibility of exploiting the strong

light-matter interaction provided by nanophotonic systems in order to drastically reduce
the device footprint, numerous groups have used similar interferometric approaches for
SPP modulation.

Among these works we would like to mention the pioneering works of Prof.

Bozhevolnyi's group using the thermo-optic effect to modulate the SPP signal at the

telecom wavelengths [55, 112]. Even if these devices have switching times of the order of
milliseconds they have proven capable of achieving 3 dB modulation in short distances of
thermo-optic photonic systems.
However,

in

order

to

a drastic improvement when compared to equivalent

fully

overcome

scalability

problems,

MIM

and

Metal-Insulator-Semiconductor-Metal (MISIM) structures have been proposed and

numerically analyzed. Among these we wish to recall the study proposed in 2010 by M.

Pu et al. based on a nonlinear Mach-Zehnder modulator designed between two infinite

23
silver slabs [113]. In this case, the active arm of the interferometer is modelled by using a

highly nonlinear polymer (MEH-PPV) and theoretically produced a modulation depth of
16.8 dB in only 5

losses (of the order of 3 dB) and acceptable propagation losses in the off-state (<

In the same year, another interesting layout was proposed by S. Zhu and co-authors

[114]

-SiO2-Si-Ag

modulation with only 3 dB of insertion losses. The device is numerically proven to work

at 500 GHz. The main drawbacks of this layout are the large switching voltage required
(5.6 V) and the vertical geometry which in turns produces numerous extra fabrication
challenges.

1.2.2.3. Additional Modulators

The following section on additional modulator designs has the main purpose of underlining
the exceptional versatility of nanophotonics structures in comparison with purely photonic

elements. Most of the modulation layouts that are reported in this paragraph can be realized
only in the plasmonic domain.

First we would like to discuss those modulators that undergo a structural physical

and/or morphological transformation in order to achieve signal modulation. A prime

example is the Au/Ga waveguide-based modulator proposed by A. V. Krasavin et al. in
2004 [115]. In this device, the signal propagates in a dielectric loaded waveguide
containing a gallium section a few microns long. Modulation is achieved by switching the

Another important milestone is the Metal-Insulator-VO2-Metal modulator by

Sweatlock et al. which exploits the large absorption of the metallic phase of vanadium

dioxide to implement broadband modulation at telecom wavelengths [116]. The device is
predicted to produce up to 20 dB of attenuation between the on and the off states.

Very recently in 2013, A. Emboras et al. proposed, and experimentally demonstrated,
[117]. The d
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the metal film layer inside the semiconductor core where most of the SPP propagates. The

creation/removal of the filaments is electrically driven. The device has a limited
limitations associated with the phase/structural change class of modulators are the slow

time response (up to milliseconds) and the remarkable propagation losses. For these
reasons, they are more suitable for data storage rather than data processing applications.

Another alternative modulation approach is using nonlinear index modulation. In this

direction, the work by P. Berini et al. who proposed a device consisting of a thin Au strip

buried in a z-cut LiNbO3 cladding designed to work at 1550 nm in 2007 [118]. Despite the
simplicity if its design, this modulator is quite versatile. In fact, by engineering the
crystallographic orientation of lithium niobate with respect to the external applied field, it
is possible to achieve modulation either in amplitude or in phase. The authors chose to

modulate the amplitude of the propagating signal and a z-cut for the crystal orientation in

order to take full advantage of the highest electro-optic coefficient r33. A 2 mm long device
propagation losses of the order of 1 dB/mm.

In 2011, X. Sun et al. proposed a Metal-Polymer-Si nonlinear modulator [119]. In their

numerical analysis, the plasmonic field enhancement in the low-index high-nonlinear
polymer layer provides sub-wavelength optical confinement and a fast optical modulation
good coupling losses and relatively

Another nanophotonic modulator which exploits the Pockels effect of nonlinear

polymers is the design realized by A. Melikyan et al. in 2014 [120]. This device, operating
ht forward planar structure and considers the optical

coupling to and from a Si nanowire. The device was shown to achieve a modulation depth

The number of papers reporting non-conventional strategies for signal modulation at

the nanoscale is simply enormous and for sake of brevity we conclude this paragraph just

by mentioning that also elasto-optic effects [121], resonance shifts [122, 123] and
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suppression/promotion of signal amplification in active media [124, 125] have also proven
to be winning strategies for efficient modulation.
1.2.2.4. Performance Comparison

Making a fair comparison between the performances of electro-absorption, Mach-Zehnder,
and alternative modulators is quite difficult. In this regard, the perfect approach would

consist of three fundamental steps: i) Identifying all the fundamental parameters of the
ideal modulator; ii) Defining an overall FoM that can properly describe the intrinsic

trade-off among these parameters; iii) Applying this FoM to all the previously listed classes

of modulators. However, this strategy, which would work just fine for standard electronic
devices, cannot be strictly applied to the nanophotonics modulators available in literature.

This is mainly due to the incompleteness of the reported studies which focus only on few

important parameters but rarely tells the whole story. In fact, even if we exclude from our
analysis the most "down-to-earth" parameters such as production cost, deterioration,
reliability, etc. (which would be of paramount importance for industrial production), we

still must consider other fundamental parameters such as operational speed, power

consumption per bit, device size, modulation depth, propagation losses (low-loss state),
and I/O coupling losses. Even just considering this second class of parameters, the available

studies fail to be complete and exhaustive. In order to perform a relatively extensive
analysis of the available SPP modulation technologies, our considerations are restricted to

the modulation depth and the propagation losses, which describe the most intrinsic tradeoff linked with nanophotonics devices and are among the most widely reported values.

Fig. 1.6 reports the normalized extinction ratio (ER) vs normalized propagation losses

-state (low-loss state) for the different noble-metal-based modulator

configurations taken into account in the present review. Electro-absorption, MachZehnder, and novel alternative scheme modulators are represented by blue, green, and red
icons, respectively. Another distinction is also made between experimental (dots) and

numerical (triangles) evaluations. A few important considerations are immediately evident
from this plot. First, the fact that, in principle, we can fit all the reported data by a straight

line means that there is no solution available for circumventing the scalability vs losses
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problem. In this regard, it becomes very difficult if not impossible to find the absolute
perfect layout, and the optimal configuration should be chosen on a case by case basis with
respect to the specific application such as switches, data storage, sensors, etc. For example,
Fig. 1.6 illustrates that while the alternative designs perform quite well in most of the cases,

electro-absorption modulators may be the best choice if high scalability must be met at any
cost.

Fig. 1.6 General overview of the performance of noble-metal-based modulators. The graph
represents the most fundamental trade-off for nanophotonics modulators i.e. the device s
state or low-loss state. The chart reports electro-absorption (Blue icons), Mach-Zehnder
(Orange icons), and novel alternative scheme (Yellow icons) modulators. Dots and
triangles represent experimental and numerical evaluations, respectively. The line
represents a figure of merit (ER/PL) value of 10.
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2. ALTERNATIVE PLASMONIC MATERIALS
Content from this chapter has been reproduced with permission of the Optical Society of America from N.
Kinsey, et al. J. Opt. Soc. Am. B 32, 121-142 (2015).

The field of integrated nanophotonics contains many different devices which all have
separate requirements that should be met for optimal performance and integration. Initial

studies of plasmonic components almost exclusively used noble metals due to their low

ohmic losses and wide availability. However, in recent years it has become abundantly

clear that the noble metals cannot address all of the application-specific requirements for
the wide range of integrated nanophotonic devices [14]. For instance, the ability to alter

the optical properties of gold and silver is limited, greatly restricting their potential
applications for dynamic or active devices [126]. Also, due to their high surface energy,

they have well documented problems forming ultra-thin uniform layers (ideal for many
nanophotonic applications), tending to form islands below thicknesses of ~10-15 nm.

While techniques such as wetting have been demonstrated, and even a report of epitaxial
silver enabling ultra-thin uniform films, such fabrication is still a significant challenge for

the community at large [127-129]. Finally, these materials are not compatible with standard
semiconductor processing techniques, forming a proverbial wall for noble metal based
structures in on-chip nanophotonic devices.

As a means to address the wide range of requirements for nanophotonic devices, the

exploration of new materials has received significant attention in recent years [130-132].
In this time, requirements such as low loss, high quality thin films, adjustable optical
properties, dynamic tuning of properties, chemical stability, and CMOS-compatibility have
become driving factors in the search for alternatives to silver and gold. Fig. 2.1 illustrates
the explosion of interest in new plasmonic materials, where more than half of the period

table has been utilized. A similar trend has been noted in the semiconductor industry, as
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well as in the early days of integrated photonics devices [30], as new metallic components
and high-k dielectrics have been introduced to improve the stability and performance of

highly integrated devices [133, 134]. Silver and gold have also benefited from research into
alternative materials, with recent work alloying them to improve various parameters of the

materials [135-137]. Clearly, by limiting ourselves only to the traditional metallic
components there is a significant range of new applications and performance that would

have gone missing. Consequently, new materials such as yttrium hydride (light blue in Fig.

2.1) in the near infrared [138], silicides (green in Fig. 2.1) in the near and mid-infrared

[139-141], the germanides (light red in Fig. 2.1) in the mid and far-infrared [142-145], the

III-V semiconductors in the near and mid-infrared (red in Fig. 2.1) [146, 147], and
graphene in the mid and far-infrared [148, 149] have enabled new and exciting research
into the field of nanophotonics and beyond. As uses for additional materials are discovered

and current materials are further optimized, the impact of new materials will only continue

to grow. For more detailed information on these and other materials see the review by
G. Naik et al. [132], and references therein, as well as the recent review of metallic

nanoparticles by U. Guler et al. which discusses similar trends for localized surface
plasmon applications [150].

There are two main approaches for obtaining new plasmonic materials in the visible

and near infrared spectral ranges: to dilute metals and to heavily dope semiconductors. By
adding another material to a metal, i.e. nitrogen to titanium, the carrier concentration can

effectively be controlled [131, 151, 152]. Thus, to reduce the losses due to scattering at
longer wavelengths, the carrier concentration can be reduced to meet a desired

specification. Alternatively, semiconductors can be doped to high levels (~10 20 cm-3)
providing them plasmonic properties in the visible and near infrared [153, 154]. While
many new plasmonic materials have been suggested using these principles, they are not all
particularly well suited for applications in the field of nanophotonics. For instance,

materials such as the alkali metals, copper, and aluminum possess high carrier

concentrations and a strong plasmonic response, but suffer from chemical instability [152,

155, 156]. Additionally, the optical properties of copper and aluminum still cannot be

adjusted, and they require a thin diffusion barrier layer when used with silicon [157]. Even
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still, they are still popular materials to use in fully CMOS-compatible designs [33, 158,
159].

Fig. 2.1 Graphical illustration of the explosion of new materials research in the area of
nanophotonics. In the past, the traditional metals were the only materials used, but now,
nearly half of the periodic table has been utilized for nanophotonic applications.
This dissertation will focus on two classes of materials, the transition metal nitrides and

the transparent conducting oxides, and their use in developing a platform for robust,
integrated, and CMOS-compatible nanophotonics.
2.1. Transition Metal Nitrides

The transition metal nitride family (TMNs), depicted in orange in Fig. 2.1, is a group of
ceramic materials with a wide range of properties, but they are all able to withstand high
temperatures > 2000°C (refractory), are chemically stable, and can be grown epitaxially on

materials such as magnesium oxide (MgO), c-sapphire, aluminum scandium nitride, and
silicon [151, 160]. Additionally, they are nonstoichiometric, which allows their optical
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properties to be tuned by the control of deposition parameters such as temperature,

pressure, and gas ratios. These properties make this class of materials very attractive for
many applications. Niobium nitride (NbN) has received attention for its superconducting

properties [161-163]. Titanium nitride (TiN), zirconium nitride (ZrN), hafnium nitride
(HfN), and tantalum nitride (TaN) all exhibit plasmonic properties in the visible and near

infrared spectral ranges that mimic those of gold, see Fig. 2.2 [164]. Additionally, TiN and

TaN are currently used in CMOS processes [165, 166]. Scandium nitride is a highly
degenerate semiconductor that can be alloyed with aluminum to form a dielectric in the

visible and NIR range that can match the lattice constant and crystal structure of other

TMNs, allowing for single crystal growth of metals and dielectrics [167]. In combination
with the metallic nitrides, ScN and AlScN enable a full suite of tailorable materials, all

within the nitride family. TMNs thereby enable a good portion of our material wish list:
low-loss, high quality thin films, adjustable optical properties, and CMOS-compatibility.
a)

b)

Fig. 2.2 Summary of the a) real and b) imaginary permittivity values for various transition
metal nitride thin films of 30 nm thickness (ZrN 10 nm). The TiN 350°C, HfN, and TaN
films are deposited on fused silica substrates, the TiN 800°C is deposited on c-sapphire,
and the ZrN 800°C film is deposited on MgO. The deposition gas ratios were 6 sccm N 2 to
4 sccm of Ar for all films except the HfN which used 2 sccm N2 to 8 sccm of Ar. All films
were grown using DC reactive magnetron sputtering.
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2.2. Transparent Conducting Oxides

The second important set of materials is the II-VI semiconductors within the group of
oxides depicted in blue in Fig. 2.1, more commonly known as transparent conducting

oxides (TCOs). These materials are all able to sustain high doping densities (>10 19 cm-3),
but tin oxide (SnO), indium doped tin oxide (ITO), zinc oxide (ZnO), gallium doped zinc
oxide (GZO), and aluminum doped zinc oxide (AZO) have received most of the attention

due to their ability to support extremely high doping densities (~10 21 cm-3), enabling
metallic properties in the near infrared, see Fig. 2.3 [168, 169]. Additionally, because these

materials achieve their metallic properties from doping, their properties can be tuned by
varying the doping density during deposition or through oxygen annealing [170-172].
These properties have enabled many outstanding applications in tactile displays, integrated
electronics, and photovoltaics, and the interest has led to the development of high quality
thin films for various fabrication processes such as sputtering and pulsed laser deposition
[173-176]. Additionally, the TCOs can be electrically tuned, making them suitable for

dynamic materials in modulators, metamaterials, and other nanophotonic applications [38,
50, 109, 177]. In particular, the metal-dielectric transition wavelength for these TCOs is in
the range of 1200 nm

1600 nm, enabling the potential for a dynamic dielectric-metal

phase change at the telecommunication wavelengths. Also, due to their NIR crossover

wavelength and large bandgap energy, ITO, GZO, and AZO have very little loss in at the

telecommunication wavelengths ( Im{ } ~ 0.1) making them suitable for high efficiency
nanophotonics applications. Outside of the TCOs, vanadium dioxide (VO 2) has seen

applications towards nanophotonic devices [116, 178]. VO2 is a dielectric in the visible and
NIR regions, but when heated, it undergoes an abrupt phase change that causes it to become

a strongly absorbing dielectric. As a result, VO 2 has been used in integrated modulators
and memory devices. Consequently, the TCO family of materials also meets many
requirements of our alternative material wish list: low loss, high quality thin films,
adjustable optical properties, dynamic tuning, and CMOS-compatibility.
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a)

b)

Fig. 2.3 Summary of the a) real and b) imaginary permittivity values for various transparent
conducting oxides films. ZnO is a bulk substrate of 0.7 mm. Other films were grown using
pulsed laser ablation of a blended target under high vacuum.
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3. PASSIVE PLASMONIC DEVICES WITH ALTERNATIVE
MATERIALS
Content from this chapter has been reproduced with permission of the Optical Society of America from N.
Kinsey et al., Opt. Express 22, 12238-12247 (2014) and N. Kinsey, et al., J. Opt. Soc. Am. B 32, 121-142
(2015).

With an overview of the field of noble metal plasmonic systems and alternative materials

completed, we will now focus on the development passive structures utilizing alternative

plasmonic materials. This section will cover LR-SPP and HPPW designs using TiN and
will conclude with performance comparison for with other designs using alternative
plasmonic materials.

3.1. Long-Range Waveguides with TiN

As a first study of the potential of alternative materials, low-loss LR-SPP waveguides were

studied at the telecommunication wavelength of 1.55 µm which utilize the
CMOS-compatible plasmonic material TiN. TiN is chosen over other CMOS-compatible
plasmonic materials, such as copper and aluminum from which successful devices have
been demonstrated, due to its technological advantages (see summary in Section 2.1).

The TiN films used in this work were deposited on c-sapphire using DC reactive

magnetron sputtering at 800°C in an argon/nitrogen environment. To obtain full
CMOS-compatibility for the TiN film, two problems remain: the deposition temperature

and method. However, the previous two points can, in principle, be addressed

simultaneously by using alternative deposition techniques such as chemical vapor
deposition and atomic layer deposition. These methods have been optimized to produce

good electrical quality TiN films at low temperatures (i.e. CMOS-compatible) [179, 180].
Now that the attention has shifted towards the optical properties, there is no reason to

believe that these methods cannot also be optimized to produce TiN with the desired optical
properties. Also, the use of other CMOS-compatible plasmonic materials, such as copper
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and aluminum, require a thin layer of TiN to prevent diffusion into silicon. Additionally,

these materials oxidize at room temperature, which degrades their optical properties.

Therefore, it would be highly beneficial for CMOS-compatible TiN films to be used for
plasmonic applications without the need for an additional copper or aluminum layer.

Fig. 3.1 a) Schematic view of the waveguide geometry cross-section. This illustrates the
critical dimension parameters of the strip. b) Optical microscope image of the TiN
waveguides fabricated on sapphire. c) Cross-section TEM of the TiN layer on sapphire
used for verifying the thickness of the film. This was fed into the ellipsometry
measurements to reduce parameter coupling during the extraction of optical properties. The
epitaxial-quality of the TiN film can be seen as its cubic lattice structure is evident.

The strip waveguide geometry has been considered for its ability to support the LR-SPP

mode, and minimize the propagation losses in the interconnect [49]. In this configuration,
the minimum propagation loss is associated with an energy distribution that is symmetric

in the direction normal to the interface, requiring an index match between the substrate and

superstrate, see schematic in Fig. 3.1(a). Index matching oil was used to obtain this

condition. The width of the TiN strip was 9.38 µm, see Fig. 3.1(b), chosen to obtain
maximum mode overlap with standard single mode polarization maintaining fiber, and the
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thickness was chosen to be 10 nm. These dimensions also provide nearly identical
operating conditions to the previously reported strip waveguides based on gold, allowing

for a fair performance comparison between the materials [77]. The width was verified using
SEM analysis, with a negligible error bar, and the thickness was determined from the cross

section TEM and spectroscopic ellipsometry fitting with an error bar of ± 1 nm, see Fig.
3.1(c). The TEM illustrates the epitaxial nature of the TiN film on c-sapphire (in <111>
orientation), as its cubic structure is evident. Such high quality films are paramount for
minimizing the losses in plasmonic waveguide structures.

The waveguides were fabricated using a lift-off technique. First, a sacrificial layer of

chrome was deposited and AZ1518 photoresist was spin coated on top. The resist was

exposed and developed using standard photolithography and the pattern was transferred to

the chrome using a chlorine-based reactive ion etch. The thin TiN layer was then deposited

onto the sample and the chrome layer was removed using the CR-14S chrome etchant. In
preparation for testing, the sample was then cleaved perpendicular to the direction of the
waveguides to maximize the coupling efficiency.

TiN

= -75 + 23i at 1.55 µm, obtained

from spectroscopic ellipsometry. Sapphire (n = 1.75 at 1.55 µm) is used as a substrate due

to the high quality, ultra-thin (~ 2 nm) TiN films which can be deposited along with the
availability of index matching oils (Cargille products M-x/1815Y, n = 1.7500 ± 0.0005 at
1.55 µm). Additionally, higher index materials, such as silicon, tightly confine the SPP

mode, causing an increased interaction with the metal and larger propagation losses when
compared to lower index substrates and claddings. Therefore, for this initial study, sapphire

was used to minimize the propagation losses. However, experimental results show that
plasmonic TiN can be grown on other substrates such as
TiN

= -46 + 26i) with good optical properties.

TiN

= -72 + 22i) or silicon

The waveguide was excited using the standard end-fire technique. A 1.55 µm source

(Agilent technologies 8164A) was coupled into a single mode polarization maintaining
fiber, passed through a polarization controller, and then coupled into the waveguide. The

polarization controller allowed for the notable plasmonic TM-TE dependence to be
observed, since plasmons can only be excited with a TM polarization. The output of the
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waveguide was captured by an InGaAs array (Xenics XEVA-1.7-320) with variable
5×

120× zoom configured in the end-fire detection scheme, which was also calibrated to

act as a power meter. This allowed for both a modal analysis of the waveguide as well as a
loss measurement by the cut-back method.

In addition to characterizing the TiN waveguides, it is also important to compare their

performance to other similar structures. To do so we use two figures of merit (FoMs). The
first is a standard figure of merit considering only the material properties of the plasmonic

structure, given in (3.1) [10]. The second was adopted from a 1-D FoM proposed by
P. Berini but was modified to account for different refractive indices, given in (3.2) [181].
We note here that a 1-D approximation of the 2 D structure is a reasonable assumption

when the strip width is large [9]. The second figure of merit is considered because it relies

on the experimentally measured performance of the structure, thereby including not only

FoM 1

FoM 2

Re{ }
Im{ }

Lprop
n

prop

decay of the power) in the vertical direction.

(3.1)
(3.2)

z

is the propagation length (defined as the
z

is the mode size (1/e2

The first step to characterize the TiN waveguide was to perform a modal analysis. An

image of the observed mode, along with a vertical intensity profile is shown in Fig. 3.2(a)

and Fig. 3.2(b). Upon fitting this intensity profile with the characteristic exponential decay
exp(bz) was fit for both sides of the measured data), a good

agreement was found except for the portion of the mode near the metal. The peak in the

exponential function cannot be accurately captured in the far-field due to the conversion of
the plasmonic mode into a propagating photonic mode. Similar situations have been

encountered in previous works [77]. Due to this, points greater than 0.8 were excluded
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from the fitting of the experimental results. There is also a slight asymmetry in the modal

cutline resulting from a small mismatch between the refractive indices of the sapphire and
index matching oil on the order of 10 -3.

Fig. 3.2 a) Experimentally measured modal profile from the output facet of the TiN strip
waveguide. b) Fitting of the z-cutline intensity with the typical exponential decay of the
plasmonic mode. c) Simulated modal profile using the finite element method. d) Fitting of
the z-cutline with exponential decay functions. Circles are experimental data points and
lines are fitted curves using the formula y = c exp(bz). Each side of the exponential was fit
separately and stitched together for observation. Both show a root mean square error less
than 0.02. Note the thickness of the TiN strip in a) and c) is enlarged for reference.
The mode size of the TiN waveguide (defined as the 1/e 2 decay of the power in the

z-direction of the fitted curves) was found to be 9.8 µm. However, the sloped nature of the
index matching oil as it approaches the waveguide output introduces aberrations in the

image, and the actual mode size is expected to be slightly smaller. By using a solid-state
superstrate, potentially Si3N4, to obtain an effective index match, the lensing effect can be
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eliminated to provide a cleaner modal measurement. This situation will be theoretically
investigated in the following section. Despite this, the mode size observed for the TiN
z

~ 20 µm) [77]. This is mainly

due to the fact that TiN has a smaller real part of the permittivity, resulting in tighter

confinement of the field (field penetrates more into TiN compared to gold) as well as the
different refractive indices used for claddings.

An eigenmode simulation on this geometry using the finite element method (COMSOL

Multiphysics) was completed to compare with the experimental results. The results of the

simulation and subsequent curve fitting are shown in Fig. 3.2(c) and Fig. 3.2(d), obtaining
a mode size of 8.0 µm. Evaluation of this simulation confirms that the observed mode size
is larger than expected.

To perform a loss-measurement on the waveguide structure, the NIR camera was

calibrated to act as a relative power meter. This was accomplished by measuring the total

pixel intensity captured within a fixed pixel area for fixed camera and excitation conditions.
As such, the only variables with can affect the measured output intensity are coupling
conditions and fabrication irregularities. These factors were mitigated through careful fiber

alignment and averaging of the measurement on multiple waveguides. This method allows
the relative power change as a function of the waveguide length to be determined. By taking
a log of the measured intensity, the slope of the corresponding fit line measures the
attenuation of the structu
=

] and

-1

3.26 mm, limited by the ability to obtain a successful cleave on sapphire. The error resulting

from coupling and fabrication irregularities was 10%. The measured attenuation of our
waveguides was 0.792 dB/mm, which corresponds to a propagation length of 5.48 mm.
Again, this compares well with similar IMI structures using gold, which have achieved

propagation lengths of 7 mm [77]. Simulations also were used to determine the propagation
length of the structure which matches experimental results remarkably well, obtaining a

propagation length of 5.68 mm for the same TiN structure. It is also important to note that

the propagation length of the structure can be dramatically increased by reducing both the
width and thickness of the TiN strip, at the expense of an expanded mode.
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Table 3.1 Summary of experimental results for TiN strip waveguides on sapphire covered
with index matching oil. For comparison, the results from a similarly structured gold
waveguide on a polymer are also shown. The FoM1 Re{ }/ Im{ } and
FoM 2 Lprop / n z values for both waveguides are also shown. Gold has a higher FoM1
than TiN mainly due to its significantly larger | Re{ }| . However, when realistic devices
are fabricated, the TiN device obtains a larger FoM2.
Material

Metal
Permittivity

Cladding
Index

TiN on Sapphire

-75+23i

1.75

Gold on Polymer [77]

-132+13i

1.535

Strip
Thickness
[nm]

Strip
Width
[µm]

Lprop
[mm]

[dB/mm]

[µm]

10

8.0

5.5
7

0.79
0.6

10

9.38

FoM1

FoM2

9.8

3

321

20

10

229

z

A summary of these results of the TiN structure, along with the competing structure on

gold, are listed in Table 3.1. Due to the varying wavelengths of operation and metal
thicknesses among published plasmonic waveguides, it was felt that additional structures
could not be fairly compared to the results presented here.

With the material parameters, propagation length, and mode size determined, the FoMs

can be evaluated for the two competing structures. As expected, gold has a larger FoM 1

than TiN due in large part to its significantly larger | Re{ }| . However, this also leads to a
larger mode size for the gold structure. Typically, the larger mode size would benefit gold

difficulty in forming high quality thin films

significantly affects its performance. Consequently, the epitaxial TiN structure obtains a
similar propagation loss and a smaller mode size (larger FoM 2

material properties (smaller FoM1). We note here that the gold waveguide was deposited
on polymer layer that would normally increase the surface roughness. However, BCB was

conceptualized by the semiconductor industry as a means to planarize layers for multilayer
devices. Therefore, BCB typically has an extremely flat surface that is comparable to

thermally grown SiO2 (~ 2-3 Å rms) [44]. Consequently, we consider that the BCB surface
does not limit for the performance gold structure.
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3.2. Hybrid Waveguides with TiN

Building from the previous demonstration of TiN in LR-SPP waveguiding, see Section 3.1,
a fully solid-state structure is proposed and experimentally realized. For practical devices,
a solid-state structure is highly preferred when compared to oil for obvious reasons.

However, the difficulty in typical LR-SPP waveguides is that the structure requires many
microns of material to be deposited above the waveguide to satisfy the mode matching
condition (i.e. thickness of superstrate should be approximately half the mode size which

is 5 µm for TiN). Depositing such thick, high quality layers is difficult and is primarily

achieved with liquid polymers which can be spin coated onto the sample. However, such
polymers can degrade overtime and may be temperature sensitive. Furthermore, a polymer
which matches sapphire sufficiently well to is not readily available. Consequently, a new
approach is taken to achieve the solid-state waveguide with TiN.

To provide the proper index match with the sapphire substrate, and replace the index

oil, a thin layer of silicon nitride is considered. By properly controlling the thickness the

silicon nitride layer (nSi3N4 = 1.98 at 1.55 µm), the effective index of the silicon nitride plus
the air in the superstrate can balance the sapphire substrate. However, this superstrate
material should be carefully chosen. If the index of the superstrate is approximately the

same as the substrate, for instance SixNy (n ~ 1.76 at 1.55 µm), the required thickness to
achieve plasmonic low-loss propagation will be quite large, roughly the scale of the mode
size, which may not be practical for standard deposition methods. However, the

propagation length would be weakly dependent upon the thickness of this superstrate,
easing the tolerance during fabrication. Conversely, if the index of the superstrate is
significantly larger than the substrate, for instance with silicon (n = 3.48 at 1.55 µm), the

required thickness will be extremely small, and the propagation length will greatly depend

upon the thickness of this layer. This would require extremely accurate deposition to
achieve the desired condition.

In the subsequent analysis, a 9 µm wide TiN strip is considered for a thickness of 10 nm

and 6 nm, and the height of the Si 3N4 layer (h) is varied while recording both the

propagation length and mode size of the resulting hybrid plasmonic mode, see Fig. 3.3 for
a schematic. Th

TiN

= -75 + 23i at 1.55 µm [182].
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Fig. 3.3 Schematic of the solid-state waveguide system using a silicon nitride layer to
obtain an effective index match with the sapphire substrate. The thickness (h) of the Si3N4
is varied and the propagation length and mode size are recorded. The width of the TiN strip
is 9 µm and the thickness is considered to be 6 nm and 10 nm.
It is important to note that since the structure is not symmetric about the sapphire-Si 3N4

interface, the LR-SPP mode should not be strictly introduced, as the resulting field profile

will not be symmetric and entirely bound in the direction normal to the interface [49]. For

this structure, the resulting modes are called hybrid plasmonic-photonic (HPP) modes.
While these modes are even closer to photonic modes than the LR-SPP, the corresponding
structures have been used to achieve a nice compromise between the modal confinement
and propagation loss [68, 98, 183]. Additionally, they retain many of the technological

advantages of purely plasmonic structures such as better coupling to plasmonic devices
and the ability to carry electrical and optical signals.

The propagation length of the hybrid plasmonic mode for a given silicon nitride height

is shown in Fig. 3.3(a). For the Si 3N4, the index contrast is such that the desired thickness
practice. While modes exist for h below 345 nm (335 nm) for 6 nm (10 nm), respectively,
these modes are predominately photonic in nature and are not considered in this analysis.

An example modal profile and z-cutline for the 10 nm thick TiN and 350 nm Si 3N4 are
shown in Fig. 3.5(b) and Fig. 3.5(c), achieving a mode size of 12 µm where the inset
highlights the Gaussian shape of the mode inside the Si 3N4 cladding layer.
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Fig. 3.4 a) Propagation length of the hybrid plasmonic mode versus the silicon nitride layer
thickness. Modes for silicon nitride layers thinner than the cutoffs shown are predominately
photonic in nature and are not considered. b) Mode size of the hybrid plasmonic mode
versus the silicon nitride layer thickness. The highlighted data points illustrate that for a
given propagation length, the thinner metal strip has a smaller mode size.
By considering the mode size for a given propagation length of the structure, an

interesting trend is noted. Traditionally, the thought is that thinner metallic layers produce
larger mode sizes, which is generally true. However, if one considers designing the
structure to achieve a specific propagation length, thinner metallic layers achieve the

desired loss with a smaller overall mode size than thicker metallic layers (for example,
consider Lprop = 5 mm, for tTiN = 10 nm, tSi3N4 = 340 nm and
tTiN = 6 nm, tSi3N4 = 360 nm and

z

z

= 6.5 µm, while for

= 4 µm in Fig. 3.4 highlighted by red circles). This is

somewhat in contrast to the typical thought process.

The fabrication of the hybrid plasmonic-photonic waveguide (HPPW) design

extends the work of the LR-SPP system with the addition of a silicon nitride cladding layer
[182]. A 10 nm layer of TiN was deposited using DC reactive magnetron sputtering in a

nitrogen and argon environment. To ensure proper thickness, the deposition rate of the
machine was first calibrated by depositing ~200 nm of TiN on silicon under identical

conditions, and the cross-section was measured using an SEM. Following, the TiN layer

was patterned using standard photolithography tehcniques with an AZ1518 photoresist and
an MF-26 developer. The waveguides were etched at 1 Pa using reactive ion etching in a

Cl2 and O2 atmosphere. Finally, high-quality stoichiometric silicon nitride was deposited
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onto the patterned waveguide samples using a high-temperature CVD deposition where the

proper thicknss was ensured with a pre-deposition calibration. For simulation, the optical

properties of the TiN film were obtained using spectroscopic ellipsometry and fitting [182].

Fig. 3.5 a) Experimental system used to measure the mode size and propagation length of
the hybrid waveguides. b) Simulation of the modal profile of the power for the hybrid
plasmonic mode with t = 10 nm, and h = 350 nm. c) Z-cutline of the power profile obtained
from simulation, achieving a 12 µm mode size. The inset is an enlarged view of the
intensity distribution near the metal which illustrates the hybrid nature of the mode. d)
Experimentally obtained modal power distribution of the hybrid waveguide with a 10 nm
TiN layer and a 350 nm Si3N4 cladding. e) Z-cutline of the experimentally measured modal
profile (blue circles) along with the simulated mode profile (orange line) for the hybrid
waveguide.
To experimentally measure the device, we utilize a super continuum light source

filtered to provide 1.55 µm. This is subsequently passed through a fiber coupled polarizer
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and polarization controller before being coupled into the waveguide, see Fig. 3.5(a). In Fig.
3.5(d), we observed the outcoupled power distribution from the waveguide and plot its

vertical cutline for the hybrid structure in Fig. 3.5(e) along with the simulated modal profile
for the structure where an excellent match is observed. The discrepancy for the Gaussian

mode in the Si3N4 is due to the resolution limit of the system. Using the cut-back method,
the losses in the waveguide were measured to be 7.8 ± 0.6 mm, which was obtained as an

average between many measurements of the same waveguide to minimize coupling error.
Simulations of the structure agree with the measured parameters, detailing a propagation
length of 7.5 mm and a mode size of 13 µm.

With completed experimental characterization we can compare the results of the

hybrid waveguide to those of the gold and TiN LR-SPP structures. As shown in Table 3.2,
using the same definitions of performance FoM as described in Section 3.1, the HPPW
with TiN is able to outperform both the TiN LR-SPP and gold LR-SPP waveguides, despite

having the worst material properties of the structrues tested. This attests to the exceptional
performance of the TiN HPPW design and will facilitate the ability to achieve a reduced
mode size while mataining exceptional propagation length.

Table 3.2 Summary of experimental for gold and TiN waveguides using the FoM
definitions as described in Section 3.1.
Material

Metal
Permittivity

Cladding
Index

TiN Hybrid

-59+24i

1.75 (eff.)

-132+13i

1.535

TiN on Sapphire

Gold on Polymer [77]

-75+23i

1.75

Strip
Thickness
[nm]

Strip
Width
[µm]

Lprop
[mm]

[dB/mm]

[µm]

10

9.38

7.8

5.5

0.56

7

10

10

8.7

8.0

FoM1

FoM2

0.79

13

9.8

2.5

343

0.6

20

10

229

z

3
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3.3. Waveguide Performance Comparison

To conclude this section, it is important to compare the overall performance of the works

described here to the other published works utilizing alternative materials. If we consider

the graph for waveguides using alternative materials, Fig. 3.6, we can see that many of the

structures shown here have demonstrated performance equivalent to other noble metal
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based designs (recall Fig. 1.5 on page 18), while providing additional technological

benefits such as adjustable optical properties and CMOS-compatibility. The work on

TiN-based waveguides described previously are outlined in red for clarity, and the
theoretical HPPW structure represents one of only two designs which exceed the 1,000

FoM line. Subsequently we note that these two works, the DLW design by X. Shi et al. and
the HPPW (Si3N4 cladded) design by N. Kinsey et al. [182, 184] are some of the most
recent advances in this field, therefore demonstrating the potential such systems with
continual development to meet or exceed the performance of noble metal devices while
maintaining technological benefits. While there is currently a lack of experimental works

demonstrating the performance of realistic devices, the movement to optimize waveguides

using these materials has largely just begun and is expected to have a profound impact on
future practical integrated nanophotonic devices in the near future.

Fig. 3.6 General overview of the performance of nanophotonic waveguides based on
alternative and CMOS-compatible materials. The graph represents the device s normalized
waveguides discussed earlier in this report are outlined in red. The chart encompasses
insulator-metal-insulator (Blue icons), metal-insulator-metal (Orange icons), dielectric
loaded (Yellow icons), hybrid plasmonic photonic (Green icons) waveguides. Dots and
triangles represent experimental and numerical evaluations, respectively. The line
represents a figure of merit (PL/MS) value of 1000.
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4. ACTIVE PLASMONIC DEVICES WITH ALTERNATIVE
MATERIALS
Content from this chapter has been reproduced with permission of the Optical Society of America from V.
Babicheva et al., Opt. Express 21, 27326-27337 (2013), N. Kinsey et al., Optica 2, 616-622 (2015), and N.
Kinsey, et al., J. Opt. Soc. Am. B 32, 121-142 (2015).

Another crucial component to optical systems is an active device which allow for a carrier

signal to be controlled in time, for example, to carry data, be routed to a destination, or be

amplified. In this chapter we will focus on the development active structures utilizing
alternative plasmonic materials. This section will cover both electrically controlled and

optically controlled intensity modulator designs using TiN and the TCOs, and will
conclude with performance comparison for with other designs using alternative plasmonic
materials.

4.1. Plasmonic Modulators with Alternative Materials
4.1.1. Electrically Controlled Absorption Modulator

TCOs can provide extraordinary tuning and modulation of their complex refractive indices

by changing the carrier concentration with the application of an electric field [109, 177,
185]. The resulting electric field causes a charge accumulation, or depletion, in the TCO

layer (depending on the direction of electric field) which in turn changes the plasma
frequency of the TCO, and consequently, its permittivity. In particular, an increase of

approximately one order of magnitude can be achieved in a 5 nm thick accumulation layer

for a metal-insulator-metal (MIM) structure using indium-tin-oxide (ITO) with a

[37]. In

addition to their tunability, the small absolute value of the TCO permittivity in the NIR can

be utilized to achieve plasmonic resonances and consequently high extinction ratios [38].
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Therefore, TCOs are promising candidates for adding electro-optical capabilities to
plasmonic devices.

This work focuses on developing active plasmonic devices using alternative plasmonic

materials which are CMOS-compatible. We suggest a variety of plasmonic modulator
structures using transparent conducting oxides, which may serve as both the plasmonic

material and as a dynamic element. Next, a definition of the parameters used in the
simulations is discussed. Following, we define our figure of merit (FoM) and discuss
results for the absorption coefficient and mode size as functions of the carrier concentration

in the TCO layer. The performance analysis of the modulators and previous works are
shown. Finally, we investigate the integration of the best performing modulator with
plasmonic waveguides, and analyze its performance in terms of coupling losses and
integration possibilities.

For a device to be fully CMOS-compatible, both the material and the processing

technique used to synthesize this material should be compatible with the standards in
CMOS production lines. Currently, TiN is routinely used in CMOS processing, but the

optical properties of this material are quite poor [165]. This is because the primary
consideration has been the electrical properties of the material, not the optical properties.
In this study, we use experimentally obtained optical properties of TiN films which have

been optimized for plasmonic applications [151]. These films were deposited using a high
temperature (800°C) reactive DC magnetron sputtering technique. This high temperature

sputtering process is not utilized in the current semiconductor manufacturing processes for

TiN deposition. Thus, we claim devices based on CMOS-compatible materials, but
acknowledge that the entire process is not currently CMOS-compatible. However, it has

been shown that plasmonic TiN can also be grown at lower temperatures [180]. Thus,
through an optimization process of the low temperature TiN (less than 400°C) currently
available in the CMOS industry, TiN which possesses the required optical properties can

be made available in future CMOS production lines. This is in stark contrast to the noble
metals which are not allowed in the CMOS process. A similar situation was encountered

for low-loss doped silica glass which is normally obtained through high-temperature
annealing. Nevertheless, in 2003 a new material platform, namely Hydex®, was
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synthesized to bring this glass into full CMOS-compatibility where it was subsequently
used for integrated nonlinear optics experiments [186, 187].

Copper has also been investigated as a potential CMOS-compatible plasmonic material

[188-190]. However, the use of copper first requires a TiN buffer layer to prevent its

diffusion into silicon [157]. Thus, if the low-temperature TiN is optimized with competitive

optical properties, the second deposition of copper is not necessary. TiN, in its own right,
also has many advantages (as was previous discussed) over copper such as chemical and

mechanical stability, high temperature stability and bio-compatibility, which are useful for
many applications beyond only CMOS chips.

The TCOs discussed in this paper, indium-doped tin oxide (ITO), gallium-doped zinc

oxide (GZO), aluminum-doped zinc-oxide (AZO) and others, may be deposited at
relatively low temperatures (less than 300°C), which makes it possible to integrate them as

a final stage in the standard silicon process [191]. Due to their low temperature deposition
they will not impact the CMOS produced structures below. Similar nondestructive methods
of integration with CMOS circuitry have been utilized to include lithium niobate crystals

and electro-optic polymers on CMOS produced photonic chips [192, 193]. Such methods
also consider these techniques to be CMOS-compatible.

Fig. 4.1 General scheme of a compact modulator integrated with low-loss plasmonic
waveguides. In this geometry, a strip waveguide (grey) is used to bring a long-range SPP
mode to and from the modulator structure where an applied voltage modulates the SPP
wave.
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We consider the use of the above mentioned CMOS-compatible materials in several

modulator configurations. Strip waveguides have low propagation loss and are relatively
simple to fabricate using the planar process. Therefore, we propose several modulator

geometries which are based on stripe waveguides. This also allows for the modulator to be

easily integrated with long-range SPP (LR-SPP) strip waveguides to decrease both
propagation and coupling losses, leading to a fully plasmonic integrated modulator design.

A schematic showing the basic outline of the modulator integration with LR-SPP strip
waveguides is shown in Fig. 4.1.

Fig. 4.2 Illustration of the low-index a), b), c) and high-index d), e), f) multilayer modulator
designs considered in this work. They are vertically divided by their configuration. The
first column, GZO only structures a) and d), use the GZO as both the plasmonic layer and
the dynamic layer. The second column, single interface structures b) and e), introduce a
thick TiN layer, which supports single interface SPPs and use the GZO layer to perform
modulation. Finally, the third column of thin TiN structures c) and f), use a thin strip of
TiN to support the long-range SPP mode and the GZO layer to modulate the signal.
Within the modulator structure, three options are possible for the guiding layer. First,

since TCOs possess plasmonic properties in the near-infrared range, a thin layer of TCO
can be used to simultaneously support SPP propagation and control the attenuation of the

signal. TCOs such as ITO, GZO and AZO have very similar optical properties and allow
for efficient control of the carrier concentration. We select GZO for all structures as it
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possesses the highest plasma frequency [171]. Secondly, a thick layer of TiN can be used
to support a single interface SPP inside the waveguide while an upper TCO layer is used

to control the attenuation. Lastly, a thin TiN layer, identical to the input/output waveguide,
can be used to support the SPP inside the modulator, while an additional upper TCO layer
is used to control the attenuation. The final two approaches simplify the fabrication of the

structure while providing tighter modal confinement and a second electrode. However, it

is not readily clear which solution will provide the best FoM. In this work, several
structures which utilize these configurations will be investigated.

To further reduce the mode size of the three alternatives and increase the modulating

capability, we consider including high-index claddings. However, due to the increased

propagation losses in the modulator it is unclear whether structures with a high-index
cladding will outperform the low-index equivalents. For this reason, we consider two

sub-groups of devices: one with low index claddings Fig. 4.2(a)- Fig. 4.2 (c), and another
with high-index claddings Fig. 4.2(d)- Fig. 4.2(f). In all structures, thin plasma-enhanced

chemical vapor deposition (PE-CVD) nonstoichiometric silicon nitride (SiN) or thin low-

pressure chemical vapor deposition (LP-CVD) Si 3N4 layers, are used for electrical isolation
between the contacts to allow for modulation.

With these considerations, six basic geometries were chosen as templates for

oxide (ZnO), LP-CVD Si3N4 and PE-CVD silicon nitride (denoted in by SiN), as low-index

materials. The refractive indices used in the calculations are the following: n ZnO = 1.93
[53], nSiN = 1.76 and nSi3N4 = 1.97 (values retrieved from spectroscopic ellipsometry) at
=

-CVD Si3N4 requires high temperature

deposition which may degrade the properties of TCO layer. Hence, only PE-CVD SiN can

be deposited after the TCO layer. We consider silicon as a high-index cladding n Si = 3.48
the silicon as they are much lower than losses associated with plasmonic structures.

The dispersion equation was solved for the multilayer structures with varying carrier

concentrations in the TCO. The permittivity of the GZO layer was taken from

experimentally grown films and a carrier concentration in the GZO was determined using
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a Drude-Lorentz model fitting: N0 = 9.426×1020 cm-3. For this work we consider a range
of carrier concentrations between N = 0.5N 0

0.

The upper limit of 2N0

(1.88×1021 cm-3) is shown to be achievable by the recently reported film which obtained a

carrier concentration of 1.46×1021 cm-3 for GZO [194]. In addition, numerous studies have
focused on increasing the carrier concentration of TCO films which is further proof that

the parameters used in our analysis are realistic [154, 168, 194]. The calculated permittivity
of GZO for these carrier concentrations is shown in Fig. 4.3(a).

Fig. 4.3
of the GZO layer was taken from [39] and a carrier concentration in the GZO was
determined using a Drude-Lorentz model fitting: N0 = 9.426×1020 cm-3 (black dotted line).
b) TiN permittivity extracted from spectroscopic ellipsometry measurements.

=

The permittivity of TiN

TiN

= 83.3 + 21.3i at

Fig. 4.3(b). The TiN film was deposited at 800ºC and the optical properties

of the 20 nm thick film was measured using spectroscopic ellipsometry (J.A. Woollam Co).
The high deposition temperature poses some fabrication and integration restrictions,

similar to LP-CVD Si3N4. The materials beneath the TiN layer must withstand the TiN

deposition and etch conditions without degradation. Since the properties of the TCO
degrade at high temperatures, the TCO layer must be deposited only after the deposition
and patterning of the TiN layer.

In all cases, we consider the one-dimensional structure as an approximation to the

two-dimensional strip waveguide. This assumption does not substantially affect the

52
theoretical performance of the devices [9, 195]. The thickness of the internal GZO, TiN,

SiN, Si3N4 layers is 10 nm. The top and bottom cladding layers are assumed to be infinitely
thick.

Before defining the FoM used in our analysis, a few fundamental parameters should

be discussed. First of these is the mode size. Due to the complex field profiles of the
multilayer structures, we define the mode size such that 86% of electrical energy is

localized within the region as shown in Fig. 4.4. This is similar to the case of a single

interface where the 1/e point of the electric field corresponds to an 86% localization of
electrical energy.

Fig. 4.4 Depiction of the mode profile for a test structure illustrating the definition of the
mode size. Due to the complexity of the structure and high concentration of electrical
energy in the GZO layer, the traditional definition of the mode size cannot be utilized. Here
we define the mode size as the distance/range, which encompasses 86% of the electric field
energy, a condition similar to that of the 1/e definition for a single interface waveguide.
The second parameter is the attenuation of the signal in decibels, which is calculated
Im{

eff

}

eff

is the complex propagation

constant of plasmonic wave in the multilayer structures. Therefore, the extinction ratio
(ER) of the modulator is defined as:

max

min

(4.1)
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min

is propagation loss in the off-

max

is the maximum of the propagation

loss in the on-state. Here, we define the on-state as the carrier concentration which results
in the maximum absorption in each modulator design.

Fig. 4.5 Multilayer structures along with graphs of the mode size a), c) and absorption
coefficient b), d) versus GZO carrier concentration. Structures with high-index cladding
(lower) show much higher absorption than structures with a low-index cladding (upper).
The absorption maximum is accompanied by the highest mode localization, which occurs
at the GZO plasmon resonance for the structure. At lower carrier concentrations in the
GZO, modes are increased due to smaller magnitude of its real permittivity.
We define the off-state as the minimum in the absorption. However, two solutions are

possible. For this discussion, we consult Fig. 4.5 which illustrates the absorption coefficient

and mode size as a function of carrier concentration for each of the six structures. Note that

the final structure, Fig. 4.2(f) supports both a symmetric and asymmetric mode. As shown

in Fig. 4.5(b) and Fig. 4.5(d), a reduction in the absorption can be achieved either by
increasing or decreasing the carrier concentration from the onshown in Fig. 4.5(a) and Fig. 4.5

max),

max).

However, as

the plasmonic mode becomes
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delocalized from the waveguide, resulting in a drastic increase in the mode size. This

scenario is highly undesirable because 1) the delocalized light can result in significant

cross-talk between devices, and 2) the light may recouple to the plasmonic waveguide

resulting in reduced modulation capability. Thus, we refer to the off-state as N off = 2N0 =
1.88×1021 cm-3.This definition is valid for all the proposed structures apart from

Si3N4/GZO/SiN/ZnO in Fig. 4.2(a) due to its small range containing a bound mode (see
Fig. 4.5(a

20

min

cm-3) is defined.

Finally, we define a FoM for such multilayer modulator structures as
FoM

min

ER

min

(4.2)

eff,off

woff

is the off-

eff,off

is the

effective wavelength in the modulator in the off-state, and woff is the off-state mode size.
This FoM reflects the trade-off between the modulation depth and the loss of the signal in
the off-

min),

while giving additional weight to devices which can fulfill the promise

of plasmonics - compactness.

A summary of the performance parameters for the investigated structures are shown

in Table 4.1. The highest FoM is obtained by the high-

Fig.

4.2(f). This modulator can outperform previously proposed designs whose performance is

shown in Table 4.2. The increase in the FoM for our devices largely stems from the increase

in the ER. Of the top three performing devices discussed here (all high-index cladded
structures), the ERs are up to twice the highest ER obtained in previous works. This is
largely due to the fully plasmonic nature of the devices. In this case, the dynamic layer is

able to be placed very near the field maximum, or may in fact support the SPP. This greatly
increases the effect of the permittivity modulation on the SPP wave. However, because
these devices are able to detune from the plasmonic resonance, the absorption coefficient
in the off-state can be relatively low while maintaining a mode size on t
high-index structure shown in Fig. 4.2(f), achieves off-

eff.

The

maintaining a large ER of 46 dB/µm. This structure obtained the largest FoM 51,
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approximately twice the FoM of all other structures shown here. This large ER requires
only a 65 nm of modulator length to achieve a 3 dB signal modulation. This is the only
structure considered in the subsequent integration analysis.

Table 4.1 Performance comparison for planar modulator designs. In the following table all
of the fundamental parameters for the device characterization are listed. Among them we
have Non which is the onmax which is the maximum absorption
in the onmin which is the minimum absorption in the off-state, ER is the extinction
ratio as defined in (4.1). woff is the off-state mode size, neff is the effective refractive index
of the mode, and FoM is the figure of merit as defined in (4.2).
Structure

Non,

max,

min,

ER,

woff,

neff

(layers bottom to top)

10 cm

Si3N4/GZO/SiN/ZnO Fig. 4.8 (a)

6.1

1.95

0.11

1.8

10.00

1.96

Si3N4/TiN/Si3N4/GZO/SiN Fig. 4.8 (c)

6.4

28.00

12.20

16.0

0.30

2.70

TiN/Si3N4/GZO/Si Fig. 4.8 (e)

7.8

60.00

4.20

56.0

0.20

3.70

TiN/Si3N4/GZO/SiN Fig. 4.8 (b)
Si/Si3N4/GZO/Si Fig. 4.8 (d)

Si/TiN/Si3N4/GZO/Si Fig. 4.8 (f), asym
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Table 4.2 Summary of the performance of previous works in TCO based modulator
structures. This is for means of comparison with the structures presented in this paper.
Device

ER,

Lu-Shi [177]

18

Huang-Sorger [110]

6

Sorger-Zhang [109]

Babicheva-Lavrinenko [196]

min,

1.00

woff,

1310

1

0.04

1310

3

9.00

1550

0.70

1310

0.30

0.34

0.20

0.08

neff

FoM

2.0

39

3.0

3.0

2.2

32

19
3

To achieve the highest performance of the integrated structure the ability to efficiently

couple into the device is critical. Ease of integration and coupling losses were considered

from the beginning of the design, evident by our use of the low-loss strip waveguide
geometry as a template. Because of this, very efficient coupling can be achieved both into
and out of the modulator. A schematic of the high-

integrated with high-index cladded TiN strip interconnects is shown in Fig. 4.6. To achieve
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a similar mode size between the high-index modulator and interconnects, silicon was also

used as the cladding for the waveguides. However, to prevent electrical shorting of the

modulator structure, p-n junctions must be formed through doping of the silicon. Despite
this doping, losses in the silicon are still several orders of magnitude below plasmonic
losses, and are neglected in this analysis.

Fig. 4.6 Schematic of plasmonic modulator integrated with TiN strip waveguides providing
long-range SPP propagation to and from the modulator (side view). To create the electrical
isolation and prevent shorting of the modulator structure, the silicon layers are doped as
shown. However, even with large doping required in the n + region, the losses associated
with silicon are several orders of magnitude below the plasmonic losses and are neglected
in this analysis.
Similar to the previous sections, we perform calculations for one-dimensional

structures as their properties are close to those of finitesingle interface was calculated by:

4
1

1

(E1

2

1

2
2

2

E1z E2*z dz

E1z E1*z dz

2

E2 z E2*z dz

(4.3)

(E2) are the mode indices (electric field) in the waveguide and

modulator, respectively. (4.3) takes into account both the mode overlap integral and the
Fresnel coefficients at the boundary region.

We calculated the coupling losses for the design shown in Fig. 4.6, and the results are

shown on Fig. 4.7. For the off-state (N = 1.88 × 10 21 cm-3) coupling losses are shown to be
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approximately 1 dB for each interface. This, along with the low propagation loss in the

modulator structure ensures high signal throughput in the off-state. As the carrier
concentration is reduced, the coupling loss monotonically increases towards the maximum

in the modulator absorption. The increase in coupling loss is a result of the highly localized
field at the plasmon resonance (maximum absorption). In this situation, the field is almost
entirely located within the GZO layer leading to a small mode overlap integral and high

coupling losses. This effect can be beneficial for modulator performance in specific

applications as it provides additional losses in the on-state and fewer losses in the off-state.

Fig. 4.7 Single interface coupling loss between the high-index waveguide and the high-

In this work, several multilayer structures with alternative plasmonic materials to be

utilized in ultra-compact, CMOS-compatible plasmonic modulators were analyzed.
Various materials were studied as constituent building blocks of the investigated

geometries including different dielectrics (silicon nitride, silicon, zinc oxide) and

plasmonic materials such as transparent conducting oxides and titanium nitride. Applying
an electric field across the TCO layer allows for the permittivity to be tuned, resulting in a
change of the absorption coefficient of the waveguide. Therefore, active modulation is

achieved. Numerous modulator layouts are investigated and the typical trade-off between
compactness and propagation loss is analyzed. Amongst all the reported structures, one
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stands out with a remarkable FoM (even in comparison with the best state-of-the-art
devices). This FoM takes into account the modulation depth (E
losses in the off-

-state mode size (woff = 1.3 µm). The

corresponding geometry may allow for ultra-compact modulation with effective length
much less than 1 µm. The proposed approach based on the cost-effective planar fabrication
processes and the ability to easily integrate with existing semiconductor systems could

enable new devices for applications in on-chip optics, sensing, optoelectronics, data
storage, and information processing.

4.1.2. Optically Controlled Absorption Modulator

As a demonstration of the applicability and versatility of our AZO films, a simple

plasmonic modulator is proposed which enables all-optical control of the signal amplitude

at ultrafast rates. All-optical plasmonic devices promise extremely fast operational speeds

in excess of 1 THz, beyond what is currently attainable with electronics or electro-optic
hybrid devices. This increase in bandwidth is crucial for continuing the improvement and

development of future all-optical communication networks. Additionally, the plasmonic
nature of the device provides further advantages such as polarization purity, enhanced

light-matter interaction, extreme sensitivity to changes in the guiding environment, support
for both electrical and optical signals, and increased nonlinearities due to high field
confinement. It is for these reasons that we focus on a plasmonic modulator design,

although many outstanding examples of all-optical and optoelectronic modulation have
been demonstrated in silicon photonic waveguides, semiconductor optical amplifiers, and

polymer waveguides among others, but these strategies will not be discussed in this
manuscript [36, 38, 50, 109, 110, 120, 125, 197-203].

Many different materials and methods have been suggested to generate the desired

temporal dependence such as material phase/structural changes [116, 178, 197],

thermo optic effects [112], phase shifting through carrier injection [104, 106],
nonlinearities [36, 120], and electro absorption [37, 38, 50, 109]. While some of these
devices have been shown to achieve operational speeds greater than 10 GHz with

appreciable modulation, for many modulators there is still a trade off between the speed
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and modulation depth [204]. More recently, transparent conducting oxides (TCOs) have
received attention for their tunability, leading to several devices with some of the highest

reported performance [196, 205-208]. For more information on TCO based modulators see
the following reviews and references therein [204, 209].
a)

b)

d)

c)

Fig. 4.8 a) Schematic of the as-grown AZO plasmonic modulator. The height of the silicon
nitride cladding in the waveguide (hw) was optimized using eigenmode analysis and set at
285 nm. The thickness of the TiN strip (ts) is 7 nm for the entire structure. The thickness
of the silicon nitride cladding for the modulator (hm) is slightly larger than the waveguide
(set to 315 nm) to account for the lower index of the AZO layer as opposed to air. The
AZO layer (tm) is set at 350 nm thick. b) Vertical mode cutline in the waveguide for the on
and off-states. These curves overlap. c) Vertical mode cutline in the modulator for the on
and off-states, illustrating the shift from a plasmonic mode to a photonic mode (i.e. not
supported). d) Power flow in the structure along the direction of propagation. The
modulator section is highlighted in red.
The proposed modulator structure is based from a hybrid plasmonic waveguide design

using TiN and silicon nitride, shown to achieve low-

[182].

Such materials are largely beneficial for switching applications due to their CMOScompatibility which provides a reliable and cheap standard to manufacture devices,
enabling significant cost reduction and large-scale installations (i.e. in data centers). By
using a waveguide as the base structure, the insertion loss into the device is minimized,

allowing for many devices to be cascaded while maintaining appreciable throughput. A

schematic of the modulator, coupled to an input and output waveguide, is illustrated in Fig.
4.8(a). A plasmonic wave is injected into the structure from the left and a control pulse is
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used to modify the permittivity of the as-grown AZO sample from the top. This results in

two simultaneous effects: 1) The as-grown AZO has a stronger absorption and 2) The
careful balance of the effective index is perturbed. Increased absorption clearly leads to a

reduction of the signal, but during modulation there is also a mismatch in the modes
supported within the two structures which leads a to larger insertion loss. This is of course
desired in the on-state (i.e. high loss state), but decreases the performance in the off-state.

As a first-order optimization of the structure, the silicon nitride thickness hw should be

selected to minimize propagation losses in the waveguide and the thickness hm should be
selected such that the wavevector of the mode in the modulator is close to that in the
waveguide. For an operating wavelength of 1.3

simulated in 2-D from the side so that propagation through both the connecting waveguides

and the modulator stack could be analyzed. The optical pumping was simulated by simply
altering the carrier concentration of the as-grown AZO film in a manner which corresponds
to the values extracted from the pump-probe experiments (an incident fluence of 0 and
3.9 mJ/cm2 was assumed, see Section 5.4.1). A

-49 + 16i (as obtained from spectroscopic ellipsometry) is used with a sapphire (n = 1.75)

substrate and silicon nitride (n = 2) cladding. Vertical cut lines of the mode inside the

waveguide Fig. 4.8(b) and modulator Fig. 4.8(c) are depicted for the on and off-state as
well as the signal power as a function of the propagation distance in Fig. 4.8(d) (modulator
length is highlighted in red).

off state is plasmonic, as an exponential decay in the substrate (z < 0) is evident near the

metal (z = 0). Note that the profile in the silicon nitride (z > 0) is always Gaussian, resulting

in the hybrid plasmonic-photonic nature of the waveguide [68, 182]. However, once
pumped, the delicate index balance is no longer present and the mode exhibits an almost

fully Gaussian profile (Fig. 4.8(c) on-state). This is largely due to the fact that the
plasmonic mode is significantly smaller in size within the biased modulator structure (i.e.

low coupling coefficient) and the light has scattered to an available photonic mode.
Although, this does provide efficient modulation, the scattered photonic modes can

re-couple to the waveguide on the output side of the device (see slow increase of power for
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noted in the output is due to an interference between the energy in the plasmonic mode and

photonic modes of the structure. The mode recoupling and interference can be limited
through the addition of absorbing layers below the device to prevent the scattered light

from recoupling. As a result of the index mismatch and the increase in the absorption of
the as-grown AZO, a maximum signal modulation depth of 0.4
0.2

The total inser

-state propagation loss and an optimal mode

overlap between the waveguide and modulator. In addition, further optimization of the

structure, namely the initial permittivity of the as-grown AZO layer, can lead to increased
sacrificing insertion loss or speed.
Table 4.3 Performance comparison of all-optical plasmonic modulators

Pump Energy

Speed

Insertion Loss [dB]

ER [dB]

FoM [W-1]

625 pJ

2 ps

0.5

4.8

8.0 × 1021

16 pJ

1.2 nJ

2 ps

352 fs

0.2

60 ps

4.6

91 nJ

200 fs

7.2 nJ

10 s

118 nJ

0.5

13.1
0.2

4.3

17.4

8.9 × 1023

[210]

2.4 × 1021

AZO

0.3

4.3 × 1018

0.8

6.2 × 10

10.5

Ref.

3.2 × 1017
5

[115]
[36]

[111]

[211]

To compare the performance of our device with previous works in literature for all-

optical plasmonic modulators, a figure or merit has been defined as FoM = (ER/ )(1/ )
where ER is the extinction ratio (defined as

on

off),

is the off-state loss, is the device

recovery time, and E is the pumping energy. This FoM highlights the benefit-to-cost ratio

of modulation depth to insertion loss as well as bandwidth to energy. The results of the
AZO modulator presented here, along with several additional works in literature are shown

in Table 4.3. For our device, a modulation area (as viewed from the top in Fig. 4.8(a)) of

62
10

works on TiN waveguides. Consequently, a pulse energy of 1.2 nJ is required to achieve

the fluence of 3.9 mJ/cm2 used in our experiments, in-line with previously reported values
of fluence and pulse energy for other plasmonic modulators [182]. For clarity, the three
highest figures of merit have been bolded where the device presented here achieves the

third highest performance. Among these devices, our structure achieves the fastest recovery
speed by nearly an order of magnitude. Additionally, it should be noted that for several of

the devices listed below, the insertion loss does not include coupling losses of the structure

which can be quite significant for devices using gratings as in references [36, 111, 115,
211]. The inclusion of these extra losses can have a great effect on the final performance
of the device since the coupling loss can easily be a few dB per facet.

In addition, the AZO-based modulator design uses CMOS-compatible materials.

Among the works reported in Table 4.3, only the device of K. F. MacDonald et al. is also
CMOS-compatible [36]. The meal-insulator-semiconductor-insulator-metal ring resonator

proposed in reference [210] could be made CMOS-compatible by replacing silver with
another metal, although the performance of the structure is likely to be reduced. Finally,

we note that the performance of our device offers several areas for improvement enabling
the device to be even more competitive such as a further reduction in size to limit energy

requirements, an optimization of the as-grown AZO base permittivity, and the movement
to high-index claddings to increase modal interaction with the active layer, to name a few.

Unlike many other all-optical modulators, the design presented here is shown to be

simple (requiring just two standard photolithography steps) yet effective, achieving speeds

consistent with even the fastest nonlinear all-optical modulators, and orders of magnitude
faster than other methods [112, 116]). Consequently, this alternative material plasmonic

modulator, powered by the tunability of the as-grown AZO, represents a viable device for
future high-performance all-optical circuits.

4.1.3. Modulator Performance Comparison

To conclude this section, we can compare the performance of the ultra-compact plasmonic

modulator with other works as shown in Fig. 4.9, where the design the electrically
controlled and optically controlled modulator designs are outlined in red. What is
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immediately evident is that, despite the limited number of works where Au and/or Ag are

not among the constituent materials, these novel designs are already competitive or
outperform most traditional noble-metal-based modulators (recall Fig. 1.6 on page 26). It

is also clear that the electrically controlled modulator design presented in this work
represents the highest FoM for any plasmonic modulator using alternative materials while
the optically controlled modulator is also a competitive design, although this FoM does not

consider speed the key feature of this design. Together, this summary illustrates not only
the high performance which alternative materials can achieve, but also to the propensity
towards developing future realistic plasmonic devices with alternative materials.

Fig. 4.9 General overview of the performance of modulators based on alternative and
CMOS-compatible materials. The graph represents the most fundamental trade-off for
nanophotonics modulators i.e. the device s normalized e
-state or low-loss state. The plasmonic
modulator work discussed in this report is outlined in red. The chart reports electroabsorption (Blue icons), Mach-Zehnder (Orange icons), and novel alternative scheme
(Yellow icons) modulators. Dots and triangles represent experimental and numerical
evaluations, respectively. The line represents a figure of merit (ER/PL) value of 10.
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5. NONLINEARITIES IN ALTERNATIVE MATERIALS
Content from this chapter has been reproduced with permission of the Optical Society of America from N.
Kinsey, et al., Opt. Mater. Express 5, 2395-2403 (2015), N. Kinsey et al., Optica 2, 616-622 (2015), J. Reed
et al., CLEO FTu1A.6, (2016), and H. Ferguson et al., CLEO FF2D.1, (2016).

To effectively design, optimize, and realize active devices, it is critical to have a firm

understanding of the nonlinear mechanisms which are present in the material. In this

chapter we will focus on the fundamental studies of the nonlinearities in both TiN and
AZO, examining both the magnitude and speed of various nonlinear processes.
5.1. Fundamentals of Nonlinear Optics

Nonlinear optics is a well-established field of photonics useful for converting frequencies
and providing ultrafast control

techniques. Nonlinear optics is based in the fact that the polarization of a material under
the application of an electric field can be described by a susceptibility:
P(t )

o

(5.1)

E(t )

which can be expanded in powers of E to highlight contributions to the polarization which
are nonlinear in the applied electric field:
P(t )

o

(1)

E (t )

(2)

E(t )

2

(3)

E(t )

3

(4)

E(t )

4

(5.2)

...
(1)

r

- 1, is all

that is required to describe the polarization. However, for nonlinear optics we are interested
in the higher-

(2)

terms give rise to electro-optic effects, second

harmonic generation, as well as sum and difference frequency generation, among others,
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(3)

terms give rise to the intensity dependent refractive index (Kerr index,

), third harmonic generation, numerous four-wave mixing techniques, and two-

photon absorption, among others [212]. For this work, we will be primarily concerned with
third-order nonlinearities as the materials under consideration here are either amorphous
or exhibit inversion symmetry and consequently do not

(2)

[212]. Example

process diagrams for third-harmonic generation, Kerr index, and a four-wave mixing
scheme are depicted in Fig. 5.1.
a)

b)

c)

Fig. 5.1 Example processes diagrams for several third-order nonlinear excitations. a) Thirdharmonic generation, b) intensity dependent refractive index, and c) four-wave mixing.
Dashed lines denote virtual energy levels (i.e. not actual states) while solid lines denote
physical energy states.
Additionally, there are an entire host of additional processes which manifest as

nonlinear modifications of the optical properties that are not directly related to the diagrams

in Fig. 5.1 such as the temperature dependent refractive index. Although such processes

are not directly related to material polarization as defined in (5.2), they can manifest in
form of an intensity dependent index or absorption. Thus, they can be understood and

experimentally verified using the framework of traditional third-order nonlinearities, with
the understanding they arise from fundamentally different physical mechanisms. In this
nonlinearities: free-carrier nonlinearities and Fermi-smearing nonlinearities.

-order

Free-carrier nonlinearities can be induced through an applied electric field (e.g.

accumulation or depletion) or through optical excitation (e.g. electron-hole pair
generation). They rely on the modification of the local carrier density, which in turn
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modifies the refractive index of the medium. This can be modeled through the DrudeLorentz dispersion, (5.3) [10], of the medium which is then calculated in both space and
time. After excitation, these excess free carriers recombine and the material returns to
equilibrium with some relaxation time.

(

o

2

p

2

2

(5.3)

)

Fermi-smearing nonlinearities arise due to free-carrier absorption. As a result, free
electrons are excited to higher energy levels within the conduction band causing an increase
in the effective temperature of the free electron population [213]

-

some of the available states at higher energies which results in a reduction in the absorption
efficiency of light at these wavelengths. Through the use of the Kramers-Kronig relations,
which are known to be valid for some nonlinear processes, the modification in the real

refractive index can be determined from the change in the absorption (i.e. change in
imaginary refractive index) [213]. The temperature of the electron population is generally
modeled using the two-temperature model, (5.4), which tracks the exchange of energy from

a heat source (i.e. the optical pump) to the free electrons (Te) and finally to the lattice (Tl)
[214]:

Te
Te
t
x
x
T
Cl (Tl ) l G Te Tl
t
Ce (Te )

G Te Tl

H

(5.4)

where Ce is the heat capacity of electrons, Cl

thermal conductivity, and G is the electron-phonon coupling factor, and H is the source

term given by (5.5) [215]. Here, R is the reflectivity of the sample, T is the transmissivity
b

is the ballistic

range of electrons, w is the pump-probe cross correlation width, and d is the sample
thickness.
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H ( x, t ) 0.94

1 R T
J exp
w
b

x
b

2.77

t
w

2

1 exp

1

(5.5)

d
b

5.2. Nonlinear Measurement Techniques

One of the primary techniques used to measure third-order nonlinearities is the Z-scan
technique. This experiment is based on the direct relationship between a nonlinear phase
shift and the optical field deflection, allowing for the complex nonlinear refractive index

to be determined [216]. By focusing a beam of light through a lens (L1), a variation of
intensity is created along the propagation direction of the beam, and a test sample is swept
from one side of the focal spot at z = 0 to the other. By measuring the change in the

transmitted power as a function of distance (intensity) for an aperture S with a 100%

transmission (i.e. no clipping of the beam), the imaginary component of the nonlinear index
can be determined, see Fig. 5.2(a). Repeating the same measurement with the aperture S

reduced to a small spot (i.e. transmission is < 100%), the real part of the nonlinear refractive
index can be determined by observing the change in transmitted power due to focusing and
defocusing of the beam through the aperture, see Fig. 5.2(b). However, this relationship is
not mutually exclusive, and both effects can be observed simultaneously in the closed
aperture scan given the appropriate magnitudes of the coefficients.
Upon collection of the data, the nonlinear coefficients

and

can be determined by

fitting the data with the analysis described by E. W. Van Stryland & M. Sheik-Bahae [217,
218] which models the change in the complex electric field as a function of radius,

z-distance, and time. For thin samples with negligible absorption and reflection losses, the

closed aperture response can be approximated using a simplified formula [218], but for the
samples discussed in this work where the imaginary susceptibility is of the same order as
the real susceptibility, this approximation is not valid.

Additionally, care must be taken during the experiment to eliminate spurious nonlinear

refraction contributions. For highly absorbing samples, a primary concern is the collection
temperature dependent refractive index dn/dT [219]. Generally, this response is
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significantly larger than the ultrafast nonlinearity one is looking to find. Thus, care must
be taken to avoid regimes where thermal nonlinearities have significant contributions.
a)

b)

Fig. 5.2 Traditional Z-scan setup where an incident laser beam is focused through a lens
L1 to form an intensity dependence along the propagation direction of the beam. The
sample is then swept from one side (i.e. z) of the focus at z = 0 to the other (i.e. +z) while
the transmitted power is recorded after passing through an aperture S with either a) a
transmittance of 100% (i.e. no part of the beam is clipped) or b) a closed aperture with
transmission < 100%. In the open aperture the change in transmission is due to nonlinear
absorption. In the closed aperture the change in transmission is due to focusing and
defocusing of the beam through the aperture. L2 focuses the transmitted light onto detector
D1 such that all light is collected by the detector and it is measured with a power meter.
Thermal responses can be important over two time scales: within the pulse width and

outside the pulse width. The impact of thermal buildup within the pulse width can be easily
estimated by considering the critical pulse width defined by
where n2 is the nonlinear refractive index,

o

is the density, C is the heat capacity, dn/dT is

the temperature dependent refractive index change, and

o

is the absorption coefficient

[212]. Generally, this becomes a relevant contribution on the picosecond timescale

although this could be less if the sample has a thermal high nonlinearity, strong absorption,
or a low heat capacity. The second regime is important when the repetition rate of the laser
is large, such that the heating due to a single pulse does not fully dissipate before the next

pulse arrives, leading to a continual heating of the sample. The importance of this
contribution is more difficult to ascertain simply, but can be roughly estimated based on
the thermal conductivity and the temperature rise due to a single pulse,
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, evaluated at the pulse-to-pulse temporal spacing (i.e. repetition rate).

Alternatively, for high repetition rate lasers, the excitation can be approximated as a

continuous wave source using the laser average power, and the steady-state change in the
sample temperature can found as

, where R is the beam radius [212].

Commonly, repetition rates of 1 kHz or less are sufficient for removing thermal
contributions on time-scales longer than the pulse width with 10 Hz repetition rates of

many Nd:YAG lasers being a common choice. Alternatively, one can conduct Z-scan
experiments knowing that thermal contributions will play a role and attempt to account for

such contributions. One example is the work by M. Falconieri & G. Salvetti [220] which
complete a spatial-temporal Z-scan to observe the time dependence of the nonlinear
response, relying on fact that for short excitation pulses (i.e. femtoseconds) thermal

nonlinearities take some finite time to become important (see also [219, 221]).
Consequently, regimes where the ultrafast component can be considered independent of
the thermal buildup are identified, allowing simultaneous characterization of

,

, and

dn/dT. Note that this technique is not applicable for situations where thermal nonlinearities
are important within the pulse width.

In addition, modifications of the Z-scan experiment have been developed to further

improve the accuracy of the method. Primarily, a dual-arm [222] approach was developed
which simultaneously records the open and closed-aperture of a reference sample (e.g. the

substrate) and the film under test. By doing so, pulse-to-pulse variations and longer term

fluctuations in the excitation intensity can be removed from the experiment. This is
extremely helpful for reducing the minimum usable intensity for highly absorbing films,
where one must use a sufficient intensity to observe the signal while not damaging the film
a tricky task. Note that the role of thermal nonlinearities is still critical.

Recently, another technique for measuring nonlinearities, denoted beam deflection

[223], was also proposed which is based on a pump-probe technique (see following section
for more details on pump-probe). This technique has the advantage of only measuring the
nonlinear response of the sample over a small temporal window defined by the probe pulse
response to elucidate the ultrafast and longer-lasting nonlinear contributions.
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Beam deflection is based on the use of a powerful pump beam with a spot size

significantly larger (>3×) that of the weaker probe beam, see Fig. 5.3. Following, the probe
beam is placed at roughly the 50% intensity point of the pump such that the decay of the

pump intensity is approximately linear. Upon excitation, the pump then induces an
approximately linear modification in the refractive index of the sample which causes a

slight deflection of the probe beam in space. This shift is monitored by a four quadrant

detector and can be directly correlated to the magnitude of the nonlinear index.

Subsequently, by varying the arrival time between the pump and probe pulses, the temporal
dependence of the nonlinear index can be captured. It is important to note that this
technique is not capable of resolving the imaginary portion of the nonlinear index alone

and should be complemented with an open aperture Z-scan measurement. This method is
able to distinguish between ultrafast nonlinearities and other nonlinear contributions, such
as thermal nonlinearities which occur on the order of the pulse width, due to the temporal
information obtained. Thus, it is a more flexible and robust technique for determining the
nonlinear refraction of sample when compared to closed aperture Z-scan.

Fig. 5.3 Schematic depiction of the beam deflection method for measuring nonlinear
refraction. A pump beam is used to modify the index of the sample and a probe beam is
used to measure the change. By placing the probe at the 50% point of the pump intensity,
an angular deviation of the probe is induced ( ), captured by a four quadrant detector. By
varying the arrival time of the probe with respect to the pump, the temporal dependence of
the response can be determined.
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Another important technique for measuring nonlinearities in materials is pump-probe.

Although a general measurement technique that is applicable for many optical
measurements, it is an excellent method for its sensitivity and ability to resolve very fast

transients. Pump-probe techniques rely on the use of a strong pump beam to modify a test
material, and a weaker probe beam measure the induced change. As a result, the

probe, easily enabling temporal resolution of 100 fs with standard electronics. Following,
the probe is controllably delayed with respect to the arrival of the pump so that the change

in the properties as a function of time can be observed. Although pump-probe techniques
are powerful, they lose accuracy when measuring transients on the order of the pump-probe
cross-correlation width (similar to optical resolution). An example schematic of the pump-

probe system used to characterize the interband dynamics in AZO is shown in Fig. 5.4. In
this case, the 1.3 µm probe light is transmitted through filter F1 and is sent through the

delay line DL and focused onto the sample. The transmitted and reflected probe signal can
then be measured as a function of the delay line position. The pump, generated as the

second harmonic of from the reflected 650 nm light using a BBO crystal, is also filtered
and focused onto the sample.

Fig. 5.4 Schematic of the pumpnm light. F3 removes residual 650 nm. R provides a delay line. Lenses L1 and L2 focus
the light onto BBO to generate 325 nm light. Filter F2 removes residual 650 nm. Lenses
L3 and L5 focus light onto the sample. F4 filters stray light for detector D1.
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The typical response of pump-probe systems can be modeled as:
f (t )

A1 exp

where A1 is the amplitude of the process,

t

1 erf

1

1

w
21

t

(5.6)

is the relaxation time of the processes, and w

is cross-correlation width of the pump and probe pulses related the full-width at halfmaximum of the Gaussian pulse by w 1 2ln 2

FWHM

[224]. This can be further extended

to account for multiple decay processes by summing several iterations of (5.6) with varying

amplitudes and decay times. As with beam deflection, which is based in a pump-probe
technique, thermal nonlinearities longer than the pulse width should be carefully
considered and managed when necessary.

5.3. Effective Third-Order Nonlinearities of TiN Thin Films

Among the many materials used in nonlinear optics, traditional metals have long been
known to exhibit large nonlinear coefficients [225] and offer the potential for significant

field enhancement when nanostructured [10, 13, 56]. Consequently, the role of metals in
nonlinear optics can be divided into two regimes: 1) when the metal itself serves as the

nonlinear medium and 2) when metal serves as a supplementary element for a nonlinear

system. Towards the first point, many proof-of-concept demonstrations of metallic
nonlinear devices such as frequency conversion [225-230], ultrafast dynamic switching

[36, 125], high sensitivity biological detectors [53, 231, 232], and enhanced spectroscopy
[233] have been reported. However, the example devices mentioned above, which rely on

the nonlinearities in metals, have not seen widespread adoption which may be due in part

to their low efficiency and propensity for deformation under the intense fields required for
nonlinear optics [234, 235]. Subsequently, efforts have been directed towards point two
where metallic components are supplementary to another, more efficient, nonlinear

medium and are designed, for instance, to enhance or concentrate the electric field [236].
However, even in this case, the capability of such structures to withstand the intense fields

generated by confinement is limited. Thus, there is a need to look for better materials which
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are not only plasmonic, but possess the ability to withstand high intensities, and to
understand the inherent nonlinearities present in such materials.

Recently, TiN has been suggested as a refractory metal (melting point > 2900°C) with

plasmonic properties similar to gold [132]. In addition, TiN has tunable optical properties,

is chemically stable, can be grown epitaxially on magnesium oxide, c-sapphire, and silicon,
and is bio- and CMOS-compatible, all in stark contrast to the noble metals [132, 237]. In
fact, TiN-based metasurfaces have been experimentally demonstrated to withstand

temperatures and optical intensities greater than gold structures, making them potentially

interesting for applications in nonlinear optics [238]. However, the inherent nonlinearities
of this important material have yet to be investigated, although some studies have been

conducted on weakly plasmonic nanoparticle matrices [239, 240]. These studies do not

provide information upon the inherent nonlinearities in the metal as it is known that
nanostructured samples can exhibit altered nonlinearities due to geometric parameters (for

example, plasmon resonances) [239, 240]. Additionally, the study of S. Divya et al. used
nanosecond pulses where cumulative thermal effects (i.e. increased lattice temperature)

can significantly contribute to the observed nonlinearities. Here, we extract the ultrafast
nonlinearities using femtosecond pulses on thin films of TiN, enabling characterization of
the underlying inherent material nonlinearities which describe the nonlinearities of the

material in the absence of external parameters such as nanostructuring (e.g. surface
plasmon resonance) or enhancement (e.g. field confinement).

5.3.1. Time Averaged Nonlinearities in TiN Thin Films using Z-scan

To better understand the potential of TiN, we investigate the third-order nonlinear
properties using the dual arm Z-scan technique at both 1550 nm and 780 nm, where we
find nonlinearities which are similar to the large nonlinearities found in traditional metals.
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Fig. 5.5 Linear optical spectra of TiN deposited at 350°C on silica glass as derived from
spectroscopic ellipsometry measurements.
A 52 nm thick TiN film deposited on fused silica at 350°C was investigated in this

work. The linear optical functions of the TiN films, shown in Fig. 5.5, were obtained using
spectroscopic ellipsometry. The TiN sample is found to have a permittivity of
= -2.50 + i6.42 (

= 1.48 + i2.1

-11.66 + i23.04 (

= 2.66 + i4.33)

at 1550 nm. The nonlinear optical properties were investigated using a dual arm Z-scan

technique [218, 222]. The total complex refractive index including third-order
nonlinearities can be written as
refractive index,

where

is the complex linear

is the complex nonlinear refractive index, and I is the

input light intensity. The measurable quantities for the nonlinear refractive index and
nonlinear absorption are usually written as
, which are related to

by

and

and

where

. Following the

procedure of del Corso and Solisthe, the real and imaginary portions of the third-order
susceptibility in SI units are given by [241]:
Re

(3)

Im

(3)

4 '
no oc no' n2
3

4 '
no o c no'
3

2

no"
4

2

4

no" n2

(5.7)
(5.8)
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o

parameters are as defined above. We note here that the nonlinear refraction and absorption

depend on both the real and imaginary parts of the susceptibility [242, 243]. The common
approximation that Re{

(3)

}

n2 and Im{

(3)

}

2

does not apply in metal films where

the imaginary part of the index is large. It is also important to note that the incident intensity
values should be corrected for the reflectance of the multilayer system, such that

Ieff = Io(1 - R) [243]. For the TiN on fused silica, R = 0.412 at 780 nm and R = 0.587 at 1550
nm which are determined from the linear optical properties using the transfer matrix
method for thin films [244].

Additionally, the measurements were completed for excitation pulse widths of 95 fs at

1550 nm and 220 fs at 780 nm and the extracted nonlinear parameters may vary for pulse
widths different from these values. Specifically, thermal nonlinearities within the pulse

envelope become important as the pulse width nears or exceeds a critical value given by
where n2

o

is the density, C is

the heat capacity, dn/dT is the temperature dependent refractive index change (i.e.
the values

oC

o

is the absorption coefficient [212]. For TiN and

= 3.13 × 106 J/K-m3 [245, 246], dn/dT = 6 × 10-4 K-1 [247], n2 values as

shown below, and

o

= 3.5 × 105 cm-1, we find a critical pulse width of ~500 fs. Thus, even

with the current excitation parameters (95 fs and 220 fs), thermal nonlinearities within the

pulse envelope may begin to play a role in the measurement, and are likely to result in
modified values of the extracted nonlinear properties for pulse widths longer than those
used here.

The open and normalized closed aperture (i.e. closed/open) Z-scan results at 1550 nm

are shown in Fig. 5.6(a) and Fig. 5.6(b) for several incident intensities ranging from 24 to
141 GW/cm2 (27 155 nJ/pulse) as calculated for a Gaussian pulse by Io = 2Epulse
where Epulse is the pulse energy, wo is the beam waist,
tFWHM /

3/2

wo2

[222]. Each scan was completed twice and the results were averaged to

further reduce any error due to beam instability.
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The open aperture Z scan shows saturable absorption described by α(I) = αo/(1 + I/Isat)
[248] giving a fitted saturation intensity of Isat = 530 GW/cm2. Expanding to the first order
with α(I) ≈ αo - (αo/Isat)I = αo + α2I, an average value of α2 = -6.6 × 10-9 m/W is obtained.
Likewise, fitting the closed aperture experimental data, an n2 = -3.7 × 10-15 m2/W is
extracted. Using (5.7) and (5.8) the total complex third-order susceptibility is found to be
(3)

(3)

𝜒̃𝑒𝑓𝑓 = -5.9 × 10-17 - i1.7 × 10-16 m2/V2 or 𝜒̃𝑒𝑓𝑓 = -4.2 × 10-9 - i1.2 × 10-8 esu.

a)

b)

Fig. 5.6 Compilation of the a) open aperture and b) normalized closed aperture Z-scan
curves for several different intensities at 1550 nm. Experimental results are shown with
symbols and the fitted curves are depicted with a solid line (overlapped with data). Curves
are offset for clarity.

Likewise, under an excitation wavelength of 780 nm the open and normalized closed
aperture results are shown in Fig. 5.7(a) and Fig. 5.7(b) for several intensities. Using the
same fitting procedure, values for the nonlinear coefficients were found to be Isat = 510
GW/cm2 resulting in α2 = -6.8 × 10-9 m/W and n2 = -1.3 × 10-15 m2/W. These values result
(3)

in complex third-order susceptibility of 𝜒̃𝑒𝑓𝑓 = -5.3 × 10-18 - i1.8 × 10-17 m2/V2 or
(3)

𝜒̃𝑒𝑓𝑓 = -3.8 × 10-10 - i1.3 × 10-9 esu.
The results of our experiments have been summarized in Table 5.1 along with several
other relevant works studying the nonlinear properties of thin metal films and a recent
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result investigating TiN nanoparticles [239]. We note here the description of the
nonlinearity as an effective

, denoted

. This distinction is made due to the

multitude of processes which can contribute to the observed signal in metals and our TiN

films such as population rearrangement, band filling, or bandgap renormalization which

are not intrinsically third-order processes. However, these processes can be modeled
through the complex nonlinear refractive index as has been done for previous metal films,
although other methods can potentially be used [249, 250].
a)

b)

Fig. 5.7 Compilation of the a) open aperture and b) normalized closed aperture Z-scan
curves for several different intensities at 780 nm. Experimental results are shown with
symbols and the fitted curves are depicted with a solid line. Curves are offset for clarity.
In addition, we note that the data available in the literature contains some stark

differences to our measurements such that a direct and quantitative comparison is difficult
due to varying wavelengths, differing methods of characterization (optical Kerr effect or

Z-scan), different pulse widths, and different film thicknesses. First, variations in the
wavelength can certainly lead to an altered nonlinear response (as is shown in the TiN
film). One example for this variance in films can be the presence of resonant features which

can significantly increase the nonlinearities (for instance, the d-sp orbital transition in gold
occurring near 500 nm) [251]. Consequently, one may expect that moving to a longer
wavelength in gold films (i.e. off resonance) would result in a decrease of the nonlinear
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response. Secondly, due to the difficulty in completing the closed aperture Z-scan analysis
on metal films, some data from literature were obtained using an optical Kerr effect
measurement [243]. This measurement, in general, deduces a different tensor value of

which need not relate to the value measured with Z-scan. Also, the results from the
literature use a significantly longer pulse width than that used here. It is well known for

dielectric materials that a longer pulse width can drastically increase the nonlinear response
through the incorporation of additional, slower effects such as electrostriction, thermal

heating etc. [212] and has also been shown to produce a similar dependence in metal films

due to thermal smearing of d-band electrons [250]. Finally, as noted by
E. Xenogiannopoulou et al.

response, roughly a factor of 4 to 5 increase when the thickness is decreased from ~50 nm

to ~5 nm [243]. Therefore, the nonlinear responses in the thin silver and gold films reported
in Table 5.1 may be increased due to their small thickness.

Table 5.1 Comparison of the third-order susceptibilities of thin metal films. Some results
(3)
used the simplified relations for eff
(marked with *). The results for silver film were

(3)
recalculated using the full complex relationship of eff
(marked with **) using the
refractive index of silver at 532 nm as found from literature (since the value was not
provided in the paper) [252].

Material

Pulse-Width

-1
o [cm ]

Re{

(3)
eff

} [esu]

Im{

(3)
eff

} [esu]

52 nm TiN film on
Fused Silica

1550

95 fs

3.5 × 105

-4.2 × 10-9

-1.2 × 10-8

55 nm TiN/PVA
nanoparticle matrix
[253]

780

220 fs

3.5 × 105

-3.8 × 10-10

-1.3 × 10-9

532

7 ns

5.8 × 105

-1.9 × 10-11

5.0 × 10-11

5 nm Au film [242]

532

30 ps

5.7 × 105

-

8.6 × 10-8 *

8 nm Ag film [249]

532

10 ns

2.9 × 105

52 nm Au film [243]

532

35 ps

3.3 × 105

7.0 × 10-10*

-6.4 × 10-8**

4.0 × 10-9 *

2.6 × 10-7**

Despite these factors, we note that the nonlinearities in TiN films are similar in

magnitude to other standard metal films. Additionally, it has been shown that TiN can

withstand a significant intensity before damage occurs, owing to its properties as a

refractory metal. In this previous work, a damage threshold of ~5 GW/cm 2 (0.2 J/cm2 for
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[254]. For comparison, gold films are

reported to have a damage threshold of Io ~ 400 MW/cm2 (14 mJ/cm2 for 35 ps pulses at
243].

[242,

Additionally, we note that TiN can be grown epitaxially on silicon, c-sapphire, and

MgO, enabling high quality ultra-thin films down to 2 nm which can increase the nonlinear
response of the material [167]. While thinner films are likely to have a lower damage

threshold, such a TiN film may also increase the nonlinearity, as has been documented with

other metallic films (although this effect may be different for femtosecond pulses). Also,
due to the aforementioned d-sp transition in gold, open aperture Z-scans of gold films
observe two photon absorption in the range of 532-1064 nm. However, we note that TiN

exhibits saturable absorption even as low as 780 nm. This is due to the lack of any resonant
absorptive term in the permittivity until shorter wavelengths less than 400 nm. This
situation is similar to the case of silver, which also exhibits saturable absorption even as

high as 532 nm, and may be useful for applications towards TiN-based intensity selective

mirrors used in mode-locked lasers where both high reflectivity and saturable absorption
can be achieved in a single thin film.

5.3.2. Time Dependent Nonlinearities in TiN Thin Films

Basic nonlinear analysis of TiN was completed using the Z-scan method in the previous
section. However, this technique is not capable of resolving the temporal dynamics of the

nonlinear process, which is helpful to understand which nonlinear mechanisms are

contributing to the total response, and on what time-scales such responses are relevant.

Here, we measure the transient nonlinear refraction, n2, of TiN using both the highly
sensitive, optical beam deflection method (BD) and transmission pump-probe spectroscopy

to extract the magnitudes and decay rates of the instantaneous n2 and the effective, noninstantaneous n2,eff.

BD measurements are performed as described by M. Ferdinandus et al. [223], using

a Ti:sapphire amplified system (KM Labs Wyvern) producing 4.2 mJ, 55 fs (FWHM)

pulses at 800 nm operating at a 1 kHz repetition rate. The strong excitation pulse is obtained
by splitting ~5 µJ of the fundamental with a beam splitter. An optical parametric
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generator/amplifier (Light Conversion TOPAS-Prime) is pumped by the fundamental to
generate the 650 nm, 110 fs probe pulse, which is then spatially filtered to produce a

Gaussian irradiance profile. The basic principles of the setup are shown in Fig. 5.8. The

probe is focused to a spot size, wp, ~3-5× smaller than that of the excitation, we, both of
which are determined by knife-edge scans. The probe is displaced from the peak of the

excitation to the maximized irradiance gradient at (1/2)we where the probe experiences an
n, gradient, causing it to be deflected by a small angle,

. The

maximum index gradient is found by shifting the excitation until the maximum deflection

signal is achieved at zero temporal delay. The deflection signal is measured using a quadsegmented Si photodiode (OSI QD50-0-SD) which simultaneously measures the

E) and the total signal (Eo), each of which is detected by a lock-in

amplifier (Stanford Systems SR-830). A mechanical optical chopper (ThorLabs MC-2000)

synchronized with the excitation repetition rate is used to modulate the excitation at
286 Hz.

The TiN samples were fabricated using DC reactive magnetron sputtering in an

argon/nitrogen environment. A 30 nm thick TiN film was deposited on a 0.7 mm thick
fused silica substrate, at high- and low-temperatures. High-temperature samples were

deposited at a substrate temperature of 800° C and low-temperature samples were
deposited at a temperature of 350° C. On FS, the TiN is polycrystalline.

We perform beam deflection measurements of the TiN films for each temperature at

four different excitation irradiances to extract the instantaneous n2,e, and the two
non-instantaneous, effective n2,eff,1 and n2,eff,2. For the low-temperature grown TiN sample
on fused silica, see Fig. 5.8, the film exhibits an instantaneous negative refraction (shaded
blue) and a long-lasting positive refraction component (shaded red) while only saturable

absorption in noted in the transmitted power. However, for the high-temperature grown
TiN sample on sapphire, see Fig. 5.9, only a long-lasting positive refraction term is noted

(shaded red) while for the transmitted power, an instantaneous two-photon absorption term
is present (shaded blue) along with a long-lasting saturable absorption component (shaded

red). For both films, the long-lasting responses are likely the result of free-carrier
absorption and Fermi-smearing as conduction band electron absorption is probable at both

81
the pump and probe wavelengths, see following discussion. We note that such effects have

been noted for other metallic films and are understood with the two-temperature model
under the assumption that the hot-carrier thermalization time is small compared to the

excitation pulse, an assuption we also apply for TiN [215]. A summary of the fitting
parameters are shown in Table 5.2.
a)

b)

Fig. 5.8 Beam deflection measurements of the a) beam displacement and b) total power
transmitted for TiN on fused silica deposited 350° C . Note that the signal traces are shifted
by 0.1 in order to facilitate visibility. Circles represent experiment and solid lines represent
numerical fitting.

a)

b)

Fig. 5.9 Beam deflection measurements of the a) beam displacement and b) total power
transmitted for TiN on fused silica deposited 800° C . Note that the signal traces are shifted
by 0.1 in order to facilitate visibility. Circles represent experiment and solid lines represent
numerical fitting.
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As is expected for the two TiN films since their lattice and electron thermal properties

are similar, the thermal nonlinearities extracted between the two films are also quite similar

in decay time and magnitude. However, both the refraction and absorption instananeous

nonlinear terms have a strong dependence upon the material tested, with the lowtemperature film exhibiting instananeous refraction but no instantaneous absorption and

the high-temperature film exhibiting instanaeous absorption but no instananeous refraction.
This dependence can be understood by considering the material band diagram

schematically shown in Fig. 5.10 as derived from the work of M. Marlo and V. Milman
[255].

Table 5.2 Summary of the nonlinear coefficients and relaxation as obtained from beam
deflection fitting parameters.
Instantaneous

PulseWidth
[fs]

n2
× 10-15
[m2/W]

780

220

30 nm 350°C TiN
film on FS
Beam Deflection

650

30 nm 800°C TiN
film on Sapphire
Beam Deflection

650

Material
52 nm 350°C TiN
film on FS Z-scan

[nm]

2

× 10-9

n2,eff1

Fast Thermal

× 10-15

2,eff1

× 10-8

rise

n2,eff2

× 10-15

2,eff2

× 10-8

[m /W]

[m/W]

-1.3

-

-

-0.66

-

-

60

-0.37

-

11

-8.3

10 fs
10 ps

300

-100

100 fs
137 ps

60

-

1.35

46

-8.3

10 fs
10 ps

340

-100

100 fs
168 ps

fall

2

[m/W]

rise

[m/W]

2

[m /W]

Slow Thermal

fall

-

For the high-temperature TiN sample on sapphire, the film stoichiometry is very close

to Ti:N of 1:1, with very few defects due to the epitaxial growth of the film on c-sapphire

[132]. Consequently, the band structure derived by M. Marlo and V. Milman is expected
to be a good approximation for this film, see Fig. 5.10(b), where the Fermi level is placed

roughly 1 eV above the CB1 minimum, leading to a large intrinsic free-electron
concentration. Consequently, we expect to see a strong Lorentzian term describing the VB-

CB2 transition of ~ 3.5 eV as well as an interband CB 1-CB2 absorption term with energy
of ~2 eV, mathcing the results from spectroscopic ellipsometry as shown in Table 5.3.
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However, for the low-temperature TiN sample in Fig. 5.10(a) the carrier density has been
reduced due to the polycrystalline nature and low growth temperature, resulting in a Fermi

level near the bottom of the conduction band. This is verified by the terms of the DrudeLorentz model used to fit the spectroscopic ellipsometry data where the first Lorentz

oscillator lies at an energy of 1 eV, matching the energy of the transition from the VB-CB 1
while the VB-CB2 transition is still present as expected near 3.5 eV. Consequently, we

conclude that the carrier density has been reduced sufficiently to make the VB-CB1
transition available. Additionally, the intraband absorption term is expected to be present

in this film, although it is likely weak due to the low density of free-electrons in the CB 1,
and is not observed to be an important transition in the ellipsometry model. The reduction

in the carrier density is believed to be the result of surface defects and oxygen inclusion
within the TiN which act as electron acceptors, thereby lowering the intrinsic carrier
concentration.

Table 5.3 Summary of the Drude-Lorentz model parameters used to fit the spectroscopic
ellipsometry data for the two TiN films.
ADrude
[eV2]

BDrude
[eV]

A1
[eV2]

B1
[eV]

E1
[eV]

A2
[eV2]

B2
[eV]

E2
[eV]

3.3

25.6

0.8

4.5

0.9

1.0

39.5

2.5

3.7

5.2

49.2

0.2

5.7

1.6

2.0

24.1

1.0

3.6

Sample
TiN 350°C on Fused Silica
TiN 800°C on c-Sapphire

Now we can understand the variations in the absorption and refraction observed

between the two samples. For the 350°C TiN sample in Fig. 5.10(a), we see that both the
800 nm pump and 650 nm probe (depicted with red and green arrows respectively) have

sufficient energy to enable linear absorption (LA) from the VB-CB 1 although neither have
enough energy to facilitate absorption from CB1-CB2. Subsequently, both wavelengths also
exhibit free-carrier absorption (FCA). Although the probe light is capable of nonlinear twophoton absorption (TPA) from the VB-CB2 this transition is less probable than the linear
absorption term. Consequently, we see that both wavelengths have dominant linear
absorption terms that are subject to saturable absorption under high intensity light such that
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the only expected absorption transient is the long-lasting thermal response. Likewise for

the 800°C sample we see that the low energy LA transitions from VB-CB1 are now
prohibited due to state-filling and the primary absorption mechanisms are TPA of the probe
from VB-CB2 and FCA for both wavlenegths. Thus, we expect to see an instantaneous
TPA for the probe and long-lasting FCA.

Although the refraction can be explained from the absorption through Kramers-Kronig

relations as is typical for nonlinear optics [213], we note that a first order explanation of
the effects can be made by simply observing the linear optical properties of the materials

at the probe wavelengths. For the 350°C TiN sample, the permittivity of the TiN at 650 nm
= -0.7 + i

= -5.6 + i3.8. We see that the

800°C film is significantly more metallic than the 350°C film such that Fermi-smearing

nonlinearity is expected to be dominant (note the value of ADrude and A1 for the films in
Table 5.3). However, the low permittivity of the 350°C TiN sample (i.e. metallic and
dielectric oscillators are of comparable strength) is expected to result in dielectric and

metallic nonlinear responses that also are of comparable strengths. Consequently, we can

expect to see a bound-electron response in the low-temperature TiN films, while this
response in the high-temperature TiN film is likely to be significantly weaker.
a)

b)

Fig. 5.10 Depiction of the band structure and possible transitions for the pump and probe
photons in the a) 350°C TiN film on fused silica (FS) and b) 800°C TiN film on sapphire.
Linear absorption (LA), free-carrier absorption (FCA), and two-photon absorption (TPA)
ot allowed.
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Additionally, we note here that the nonlinear refractive index obtained by beam

deflection for the 30 nm TiN film on fused silica compares well with the value obtained

from Z-scan (see Table 5.1 on page 78), given variations in pulse width, probe wavelength,
thickness, and sample inhomogenity. We also note that interband transitions generating

free-electrons may also give rise to negative refraction nonlinearities in TiN. However,
these effects are not believed to be the cause of nonlienarities in our TiN films for two

reasons. First, the temporal response of free-carrier nonlinearities are limited by the

recombination time of excess carriers which is in general on the order of a few hundered
femtoseconds which is not observed in our films. Second, due to the large intrinsic carrier

density in TiN, of ~5 × 1022 cm-3, a large fluence is required to modify the carrier density

any appreciable ammount. In our experiment at the peak irradiance of 165 GW/cm 2, the
incident photon fluence was ~4 × 10 16 cm-2 and assuming a skin depth in the TiN of 100
nm, a excess density of ~4 × 1020 cm-3, only 1% of the intrinsic concentration.

Fig. 5.11 Measured pump-probe differential transmission for two different samples, a low
growth temperature and high growth temperature. Each sample was measured at room
temperature and 77 K, with the solid lines showing the fitting for a bi-exponential decay.
To better understand the longer relaxation mechanism occurring on a timescale of

picoseconds, the hot-carrier cooling rates were measured by pump-probe differential
transmission. A Ti:sapphire amplifier and OPA were used to generate a pump at 800 nm
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and probe at 1.2 µm, with pulse widths of 100 fs. The pump and probe powers were 20 mW
with a 200 µm diameter spot and 2 mW with a 100 µm diameter spot, respectively. The

samples were 10-nm TiN films grown epitaxially on double polished sapphire substrates

at a low-temperature and a high-temperature, and their experimental results are shown in
Fig. 5.11.

The key observation is that the observed cooling dynamics in TiN are several orders

of magnitude slower than for typical noble metals. The electron-phonon interactions in
traditional metals used in plasmonics have been studied extensively, and carrier cooling

typically occurs on a single-picosecond time scale in those materials. By contrast, the

electron cooling in TiN occurs with a time constant of approximately 10 ps, and the slow
component arising from finite phonon lifetimes is nearly an order of magnitude longer. A

direct comparison for TiN vs published results for gold is shown in Table 5.4. Further
investigation is required to fully understand the reason for the reduced thermal relaxation
in TiN films.

Table 5.4 Comparison of decay rates for Gold and TiN at 300K

Decay
th
p

TiN 800°C

TiN 350°C

Gold Films [256]

67 ps

162 ps

1 ps

10 ps

29 ps

0.5 ps

5.4. Dynamic Control of Aluminum Doped Zinc Oxide Thin Films

Transparent conducting oxides (TCOs) are a class of materials which are well known for

their optical transparency combined with high electrical conductivity, and consequently,
they appear to be critical for enabling novel tunable nanophotonic devices. TCOs such as
indium doped tin oxide (ITO) and indium+gallium doped zinc oxide (IGZO) have been

widely used in industrial applications for touchscreen displays, transparent electrodes on
solar panels, and more recently in televisions [257, 258]. As a result of their widespread

industrial use, CMOS-compatible deposition techniques have been demonstrated which
enable the growth of high quality, room temperature thin films [153, 259-264].
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One of the valuable assets of TCOs is the intrinsic tunability of the optical properties.

Since TCOs can sustain extremely heavy doping without a consistent degeneration of their

morphological structure, very high carrier concentrations (~10 20 cm-3) can be achieved
[154, 205, 265-267]. Subsequently, the optical properties of these materials can be tailored

in many ways such as by altering the deposition conditions, through post-processing steps

(e.g. annealing) and/or by varying the material stoichiometry [154, 164, 171, 266, 268,
269]. This enables one material to serve several roles. For instance, a lowly doped TCO
can be used as a dielectric material in the near infrared (NIR) range with an index near 2,

while a highly-doped TCO can serve as a metal to support surface plasmon oscillations
[132, 270].

Additionally, TCOs exhibit the potential for both electrical and optical excitation

allowing a dynamic modification of their optical properties [50, 110, 205-207]. The
application of an electric field results in carrier accumulation or depletion causing a

temporary change in the optical properties within a thin layer (~2-5 nm) [109]. Even though
this method can have extremely low energy dissipation in the fJ/bit range [271], the overall
effect is generally limited by the RC delay of the specific electrical system to the GHz

range in practice, although theoretically faster speeds could be attained. Optical
nonlinearities can manifest either as interband contributions or intraband contributions and

we explore both techniques here. Interband nonlinearities are primarily related to free
carriers while intraband nonlinearities are related to the modification of the free electron
temperature and are shown to be capable of sub-picosecond response times.

In addition to an ultrafast temporal response, it is also beneficial to have a large change

in the optical properties of the dynamic material. To enhance the amplitude of the material

response, we propose to operate in the epsilon-near-zero (ENZ) regime [207, 272-274]. As

shown in Fig. 5.12, operating in the ENZ regime (i.e. n < 1) produces larger absolute
real medium). This can be understood by considering the change in magnitude with respect

to the initial index e.g. a change of -0.1 for an initial index of 0.2 is 50%, where for an
initial index of 2 it is only a 5% change. Consequently, this makes the ENZ regime an
attractive region for maximizing the performance of dynamic devices.
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Fig. 5.12 Absolute change in the reflection of a purely real (i.e. Im{n} = 0) material versus
= -0.1. The magnitude of reflection
is calculated using the Fresnel equations at a single interface between air (n o = 1) and the
material assuming normal incidence. Note that operating in the epsilon-near-zero regime
(i.e. n < 1) provides larger absolute changes in the reflection for the same change in the
refractive index.
For the subsequent experiments, custom AZO film (hereto referred as-grown AZO)

was deposited at room temperature on a fused silica substrate by pulsed laser ablation of a

2% wt. aluminum doped zinc oxide target [175, 176]. Additionally, our AZO films are
deposited under low oxygen partial pressure to induce oxygen vacancies [164]. These
oxygen vacancies push the already high carrier concentration provided by the doping
process even further, giving rise to an extremely high intrinsic carrier concentration within
the material that can be controlled by varying the oxygen pressure during deposition, or

through annealing in an oxygen rich environment [171]. Although pulsed laser ablation is
not a CMOS-compatible deposition technique, other AZO and ZnO films have been

reported using fully-CMOS-compatible techniques such as atomic layer deposition such
that our films could be made fully CMOS-compatible [153, 263, 264].
5.4.1. Interband Dynamics of Optically Excited Al:ZnO

To study the interband (e.g. Ehv > Eg) dynamics of the as-grown AZO film, the material is
pumped by light with photon energy greater than the bandgap (~3.5 eV). The excess free

electrons then cause a change in the optical properties (reflection, transmission, and
absorption) of the probe through the Drude dispersion, which is added to the background
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or intrinsic permittivity of the material. Then, the system recovers through the
recombination of excess carriers, returning to its original state (see Fig. 5.13(c)).

To determine the proper pump and probe wavelengths, the linear optical properties of

the as-grown AZO film are required (see Fig. 5.13). The permittivity of the sample was
extracted from spectroscopic ellipsometry using a Drude + Lorentz model which describes

the intrinsic material response. Consequently, the ENZ regime of the material (1.1 1.5

Fig. 5.13(b). Additionally, the linear transmission

spectrum of the sample is shown in Fig. 5.13(a), which illustrates the band edge of the
material. As can be seen from the both curves, the band edge of the as-grown AZO film
lies at ~350 nm (shaded green). Consequently, light shorter than 350 nm must be used to
pump the as-grown AZO. Therefore, a combination of 1.3

as

it provides a pump greater than the bandgap energy and a probe at a technologically

relevant wavelength that is also near the ENZ point of the material (see Fig. 5.13). While
more efficient absorption of the pump could be achieved with slightly shorter wavelengths,
it is beneficial to keep the pump wavelength at as low an energy as possible to aid the

efficiency of conversion as well as to minimize losses in optics such as lenses, mirrors, etc.
a)

b)

c)

Fig. 5.13 a) Transmission spectrum of the 250 nm AZO film obtained using a
spectrophotometer. b) Complex permittivity of the 350 nm as-grown AZO film as extracted
from spectroscopic ellipsometry. The green shaded area represents wavelengths above the
c)
Process diagram for interband excitation. UV light (E UV) generates electronn,
p) above the Fermi level (Ef) in addition to the intrinsic concentration (Ni) which
recombine through mid-gap trap states (Nt rec).
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The normalized reflection and transmission as a function of the pump-probe pulse

delay are shown in Fig. 5.14(a) and Fig. 5.14(b), respectively, for the 350 nm as-grown
AZO thin film under several incident pump fluence levels. Upon closer examination of

these results, a few important points arise, 1) The transient effect is fully recovered (from
start to finish) within 1 ps (greater than 1 THz potential modulation speed) with a relaxation
time less than 500 fs; 2) The change in the transmission/reflection is relatively large, with

all measurements having at least a 10% variation and a peak change of 40% for a base
reflection at the probe wavelength of 25% and transmission of 40%; 3) The UV fluence
used is at least an order of magnitude below the typical damage threshold for dielectrics

(~100 mJ/cm2 for femtosecond pulses [275]) indicating that the effect could be further

increased; 4) A total pulse energy of only a few micro Joules is required to induce the
effects shown here; 5) The material thickness is compatible with current integrated

technologies which is especially critical since the material properties (e.g. carrier
concentration) may differ drastically in thin films when compared to bulk films.

One of the key parameters for dynamic materials is the maximum achievable change

in the optical properties, which in this case is the result of excess carrier generation. Thus,

it is critical to understand the carrier concentration that was achieved during the
experiment. To extract this value, a theoretical model has been used which is then fitted

with the experimental results where the transfer matrix approach was used to determine the

linear reflection and transmission of the thin film sample for both the pumped and unpumped cases. In Fig. 5.14, the results of the fitting are shown, where an excellent
agreement is found between calculation and experiment. However, there is a slight

discrepancy in the transmission measurement towards the end of the decay (a small offset,
~3%) in both the reflection and transmission (i.e. they do not return to zero). This small

offset is believed to be the result of lattice heating from excited electrons relaxing to the

s to

nanoseconds) [212]. This minimal alteration of the optical properties is not permanent (e.g.

material damage) and the AZO returns to equilibrium within one millisecond (repetition
rate of the laser source). In addition, these effects have very little influence upon the

ultrashort response of the as-grown AZO and therefore do not significantly influence our
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extraction of the excess carrier concentration or decay time in the sample. Additionally,

such offsets were not present in all films tested, suggesting the ability to engineer or remove
the effect.

a)

b)

c)

d)

Fig. 5.14 Normalized change in the a) reflected power and b) transmitted power as a
function of the delay time between the pump and probe pulses. The absolute
reflection(transmission) of the AZO sample without pumping is 25% (50%) at 1.3 µm.
Fitted change in c) reflection and d) transmission for the 350 nm thick as-grown AZO film
under a fluence of 3.9 mJ/cm2.
With a successful fitting achieved, the carrier distribution can be obtained. From the

model, an average excess carrier density of 0.7 × 10 20 cm-3

thickness of 350 nm at the focus of the pump, corresponding to a peak of 1.4 × 10 20 cm-3
near the surface at time t = 0, which is similar to the values reported for optically modified
ITO nanorods [206]

20

cm-3 has been achieved,

although it is important to remember that these densities are achieved only within a few

nanometers of the surface and not throughout the bulk of the material [109]. In fact,
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ed above, the raw

number of carriers induced using optical excitation is 10× more than what was reportedly
achieved through electrical biasing.

The excess carrier density and recombination time have been extracted for the listed

fluences and are presented in Table 5.5 together with the maximum relative change in

reflectivity and transmissivity, intrinsic carrier concentration, electron-hole recombination

time, and the variation in the complex refractive index. Here, we see that the range of

average carrier densities induced in the sample is on the order of 10 19 cm-3 (roughly 5-10%

of the intrinsic concentration) being measured for an incident energy of a few micro Joules.
This is also particularly interesting considering the large change in the optical properties
which is observed, likely arising from operating in the ENZ regime.

Table 5.5 Summary of the extracted properties of the 350 nm as-grown AZO sample
including the intrinsic conc
maximum change induced in the material properties.
Pump
Fluence
[mJ/cm2]

Max.

2.4

30

1.0
3.6

[%]
15
39

Max.
-12
-25
-32

Intrinsic
Concentration
[cm-3]

Rec.
Time
[fs]

Avg. Induced
Carriers [cm-3]

AZO

9.8 × 10

92

0.2 × 1020
0.5 × 10

-0.07 + i0.07

9.8 × 1020
20

9.8 × 1020

100
88

20

0.7 × 1020

i

-0.14 + i0.16
-0.17 + i0.25

The ultrafast temporal response is believed to be the result of defect enhanced

(Shockley Read Hall) recombination which arises due to the way the AZO is grown [276].
By depositing the AZO with our unique technique, a large density of deep level defects are
created in the film [277, 278]. These deep level defects dramatically reduce the
recombination time for electrons. As was discussed prior, similar situations have been

investigated in low temperature deposited gallium arsenide (LT-GaAs), as well as in

several other specially grown materials, where the timescale of the process is attributed to
defect enhanced recombination [279-281]. However, one key distinction of the as grown
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AZO from other materials is the magnitude of the effect. Generally, for LT-GaAs and other

semiconductors, the measured change in reflectivity is ~2% although various pulse
energies and wavelengths are used in literature which makes a direct comparison of the

amplitude difficult. However, our as-grown AZO is shown to achieve speeds that are
generally 2-3× faster than those reported for LT-GaAs [281].
5.4.2. Intraband Dynamics of Optically Excited Al:ZnO

The intraband dynamics (e.g. Ehv < Eg) of the as-grown AZO film, Fig. 5.15(a), were also

observed individually under an excitation at 787 nm. At this wavelength the AZO is a lossy
dielectric, but the excitation is still far from the bandgap. Subsequently, the absorption in

this regime is dominated by the residual Drude loss (i.e. scattering of free carriers in the
conduction band). This excitation results in a non-equilibrium hot-electron population as
shown in Fig. 5.15(b)

e-p),

heating the

lattice, that are typically captured by the two-temperature model (TTM), under the

assumption of a hot-electron thermalization time which is small compared to the excitation
pulse width. For AZO, we take Cl = 2.8 × 106 J/m3-K

= 100 W/m-K [282]. The

electron heat capacity was calculated as described in Kittel [283] :

Ce (T )

1
2

2

Nk B

T
TF

(5.9)

where N is the intrinsic electron density (N = 2 × 10 21 cm-3), kB is the Boltzmann constant,
T is the equilibrium temperature, and T F is the Fermi temperature (1 eV and measured from

the bottom of the conduction band) as obtained from Catellani et al. [284]. This formula
assumes that each defect or donor site contributes only one free electron. Subsequently, a

value of Ce = 3524 J/m3-K was determined. Following, the resulting change in the optical

properties was modeled using an effective thermally dependent complex index, n th, such
AZO

e

l) nth.

The transfer matrix method was used to determine the change

in the optical properties for the graded index material (as described above). The coupled
equations were solved numerically for both space and time assuming a ballistic range of
hot electrons of 1 nm. Typically for gold, this is set to be ~100 nm. However, in our film
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with many defects and grain boundaries, it is expected that the ballistic range is quite small
for AZO.
a)

b)

c)

Fig. 5.15 a) Linear permittivity values for the 900 nm AZO film used for intraband pump
probe. The sample was pumped at 262 nm and probed at the edge of the ENZ region
(shaded red) at 1200 nm. b) Process diagram for intraband excitation. NIR light (E NIR)
raises the temperature of conduction band electrons (T cool
hot) which relax through
e-p), heating the lattice. c) Normalized change in transmission at
1200 nm versus the pump probe delay when excited at 787 nm, fitted with simulation of
intraband (two-temperature model) to extract electron phonon coupling coefficient.
When exciting the AZO with the NIR pump (intraband dynamics, E hv < Eg) we

observed an opposite response with respect to the interband case, where the film
transmission increased u

p

~ 100 fs, F = 142 mJ/cm2) as shown in Fig. 5.15(c).

This metal-like nonlinearity is the result of thermal smearing of free-electrons causing

velength, and

exhibits an extremely fast decay rate of ~170 fs. Although fast initial decays are also
present under intraband pumping of other materials, we do not observe a long-lasting

thermal offset arising from heat dissipation and removal from the lattice. This is likely due
to the low electron specific heat of AZO and the relatively large specific heat of ZnO. Thus,

for a small application of energy the electron temperature increases significantly, giving

rise to a large nonlinear response and an observable change in the reflection/transmission,
although this energy does not result in a substantial rise in the lattice temperature.
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Furthermore, AZO is a competitive heat conductor and is able to efficiently dissipate what
thermal energy is deposited. The result is a material which has a large nonlinear change in

the electron temperature and sub-picosecond relaxation time without a persistent thermal
offset. The change in the optical properties is again further enhanced by working in the

ENZ regime which also helps to reduce the necessary fluence required to observe a

significant modification of the optical response. Using the parameters of the AZO as shown
above, the reflection and transmission of the sample was normalized and the rate was fitted

to extract the electron phonon-coupling coefficient using the TTM, and found to be
G

7 × 1015 W/m3-K. After the normalization procedure, only the sign of the complex

effective thermal index is relevant and it was found that the extinction coefficient decreased
while the index increased.

5.4.3. Hybrid Nonlinearities in Al:ZnO

The observed coexistence of both intraband and interband nonlinearities suggests the

possibility to achieve new dynamic functionalities through the combination of the two

opposite effects. Yet, these can only be accessed if the interband and intraband excitations
act independently. We therefore investigated the response of AZO under combined UV
and NIR excitation with a tunable relative delay between the two pumps.
For pump pulses of UV (262 nm,

p

~ 60 fs, F = 6.8 mJ/cm2) and NIR (787 nm,

p

~ 100

fs, F = 142 mJ/cm2) and the AZO sample as shown in Fig. 5.15(a), the change in the optical
transmission measured at 1200 nm is shown in Fig. 5.16(d) when the NIR excitation pulse
was delayed from the UV pulse by a fixed 200 fs during the scan of the probe (delay
measured with respect to the UV arrival time).

be tailored in more complex ways than what is possible with single color pumping alone,

achieving clear bi-polar responses. In addition, a numerical summation of the individual
UV and NIR contributions (denoted UV + NIR) and the simultaneous excitation (denoted

two-color) are depicted. The fact that the summation of the two individual effects
adequately describes what is observed under simultaneous excitation verifies that the two

effects are indeed independent. However, a small amount of cross-coupling between the
effects is observed, leading to a slight offset for delays beyond 0.5 ps. Combining the
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models describing the interband and intraband dynamics, also captures the observed twocolor dynamics under the assumption that the two effects can be considered independent.

Finally, we experimentally characterized how the optically induced changes in the

AZO film depend on the relative delay between the NIR and UV pump pulses under

simultaneous excitation, and compare this to the superposition of the two individual effects.

The results are shown in Fig. 5.16 and clearly indicate that only a small cross-coupling
occurs for a short time window where the pulses are temporally overlapped. However, we

highlight that there is a longer residual offset following the UV excitation (see Fig. 5.16(d)
where the NIR trails by 200 fs) which does not occur when the NIR precedes the UV as is

shown in Fig. 5.16(a) where the NIR leads the UV by 325 fs. This is likely due to the
different relaxation times between the two processes as indeed the UV excitation recovery
time is approximately two times longer than for the NIR component.

AZO exhibits a unique and distinctive ability to support both an interband transition

and a permittivity crossover (i.e. metallic nature) at spectrally convenient locations that are
far enough apart to be independent, yet close enough to enable easy excitation of both

regimes with standard laser sources/optics. This is in contrast to most metals where
interband transitions exist either near the permittivity cross over (i.e. gold) or in the deepUV due to the extremely high carrier density (i.e. silver) as well as semiconductors which

generally cannot support enough doping to reach a metallic response in the NIR. In these
systems, the nonlinearities are either spectrally overlapped (metals), difficult to access with

sufficient laser intensities (deep-UV), or spaced too far apart (semiconductors) to facilitate
their combined use. Consequently, we speculate that such unprecedented control over a
applications throughout nanophotonics and will also facilitate new methods of broadband

(UV-NIR) ultrafast pulse measurement techniques, bandwidth shaping, and optical
communication.

Additionally, the ability to modulate AZO with effects that are opposite and

approximately equal in magnitude is intriguing from several perspectives. For example,

Fig. 5.17 illustrates the modulation bandwidth of the material under two-color excitation

for a delay between the pump pulses of 200 fs (Fig. 5.16(d)). It is shown that by using two-
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color excitation the 3-dB bandwidth of the device can be nearly doubled compared to NIRonly excitation and quadrupled compared to UV-only excitation, critical for applications
in optical metrology, sensing, and ultrafast science.
a)

b)

NIR

tUV = -325 fs

-25 fs

c)

d)

e)

Fig. 5.16 Normalized AZO transmission at 1200 nm when excited with 787 nm and 262 nm
as a function of the UV pump= - 325
fs, -25 fs, 100 fs, 200 fs, and 1050 fs for Figures a, b, c, d, and e respectively. In all images,
the blue curve represents the numerical summation of the individual UV and NIR responses
while the red curve represents the transmission when completed under simultaneous
excitation by UV and NIR light.
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The large modulation of the refractive index with near-zero temporal average at THz

bandwidths represents a new photonic capability and may lead to many intriguing
developments in signal processing, ultrafast optics, and optical metrology. For example,
complex coding schemes such as code division multiple access (CDMA) are of high

interest for optical components [285], and our system could enable an all-optical protocol

with just a single thin film for telecom spectrum data signals. We also note that AZO can
be engineered to possess a recombination rate which matches the thermal relaxation rate

of the intraband excitation [286]. Consequently, a complete cancellation of the nonlinear

effects could be observed for two suitable pump pulses, i.e. an all-optical XOR gate. The
onset of such an effect is observed in Fig. 5.16(c) where the peak-to-peak amplitude of the
modulation is decreased to ~15% compared to ~60% for the uncoupled case. Furthermore,
achieving similar effects over different areas of the sample opens the potential to create

new types of controllable ultrafast analog/binary holograms either by illuminating
physically different portions of the sample or by altering the illumination area of each
beam.

Fig. 5.17 Spectrum of the transmitted signal for the individual UV and NIR excitations as
well as the two color excitation for when the NIR is delayed from the UV by 200 fs. Blue
traces represent the material bandwidth of the UV only excitation, red traces NIR only
excitation, and green traces represent two-color excitation. The measured -3 dB bandwidth
of the material under each condition is highlighted.
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Consequently, our measurements show that AZO is a particularly versatile material for

optical applications, both for its dynamic and static properties as well as technological
advantages such as widely available elemental compounds, low cost manufacturing,

CMOS-compatibility, and a high damage threshold (observed to be in excess of 1 TW/cm 2
at 800 nm). For numerous fundamental applications across the field of nanophotonics, the
for simultaneous and independent two-color modulation open new avenues to design next
generation ultrafast all-optical systems.
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6. SUMMARY AND CONCLUSION
While the large hype of sub-diffraction nanophotonic circuits is still a looming goal for the
field of nanophotonics, the research in this direction has produced many outstanding

devices which can have an impact upon future technologies. As a result, the current task
for the field of nanophotonics remains to take current designs and to realize them with

materials and processes that are industrially available as well as to continually investigate
new materials to solve the limitations encountered by each application.

To this end, in the work detailed here, two classes of alternative plasmonic materials

were investigated for their applications in passive and active nanophotonic devices. First,

the work explored the potential of TiN based long-range surface plasmon polariton
waveguides. Structures were demonstrated both theoretically and experimentally and were
shown to compete with or outperform similarly structured gold devices, despite less ideal

optical properties, due to the epitaxial smoothness of the films on sapphire. This was
extended with the demonstration of a hybrid plasmonic-photonic waveguide design with
TiN that was able to outperform the previous long-range design in both TiN and gold,
despite having even less ideal optical properties than either of the two materials. In fact,
both of the demonstrated TiN waveguides set new records for the performance of
alternative material waveguides demonstrated in literature, and the theoretical design of

the hybrid waveguide is one of only two works which has achieved greater than a 1,000
FoM using alternative materials.

Likewise, for modulators, the performance of alternative material devices has already

reached or surpassed that of their noble-metal based counterparts. Using alternative

materials such as TiN, gallium doped zinc oxide, and aluminum doped zinc oxide, two

modulator designs were proposed. The ultra-compact electrically controlled modulator

using gallium doped zinc oxide and TiN was shown to achieve the highest performance of
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any design using alternative materials while using realistic materials and structure.
Additionally, the all-optical modulator design using aluminum doped zinc oxide and the

TiN hybrid waveguide geometry was explored and shown to have competitive
performance, ultrafast speed, and extremely low insertion loss.

To support the development and realization of active nanophotonic devices, the

inherent nonlinearities of TiN thin films were studied for the first time and responses

comparable to other noble metal films was observed, yet with the benefit of a damage
threshold that is an order of magnitude larger. This was extended to explore the temporal

dynamics of nonlinearities in TiN whereby two nonlinear effects were observed: an

instantaneous ultrafast nonlinearity and a long-lasting thermal nonlinearity. The decay of
this thermal nonlinearity was investigated and found to be roughly an order of magnitude

slower than in gold films, necessitating further investigation to understand the underlying
physics of the hot-electron decay which leads to reduced thermal coupling and extraction.

Additionally, the nonlinearities in thin films of aluminum doped zinc oxide films

were studied in the epsilon-near-zero regime under both interband and intraband excitation.

with temporal responses which recover in less than 1 ps. However, the intraband response
was found to be of an opposite sign compared to the interband nonlinearity. Subsequently,

these two nonlinear dynamics were superimposed to explore the ability to construct a

desired temporal nonlinear response in a semi-arbitrary fashion. Together, the
demonstrations of ultrafast dynamic control in both TiN and AZO were shown to be rich

in interesting physics but also applicable to enable future ultrafast integrated active devices
such as modulators, switches, routers, delay lines, etc.

Together, the works described here were undertaken with the intent to explore and

demonstrate the potentials of alternative plasmonic materials in realistic applications.

Continued improvement in materials synthesis, device design, and experimental design are

expected to push these results further, although the devices/materials shown here may
already be applicable for a number of exciting and impactful applications.
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